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A. Zusammenfassung 
Das Neuroblastom ist der häufigste extrakranielle solide Tumor im Kindesalter und hat einen 
Anteil von etwa 15% an der krebsbedingten Sterberate bei Kindern. Es ist eine heterogene 
Erkrankung mit einem breiten Spektrum klinischer Verläufe für die Patienten, von vollständiger 
Remission bis hin zum Fortschreiten der Erkrankung trotz intensiver multimodaler Therapie. 
Die Therapie der Hochrisikogruppe besteht aus hochdosierter Chemotherapie, Radiotherapie 
und Stammzelltransplantation. Antineoplastische Substanzen wie Doxorubicin, Vincristin und 
Carboplatin sind Bestandteil der unspezifischen Medikation. Diese Therapie zeigt jedoch nur 
begrenzte Effizienz, häufig begleitet von starken Nebenwirkungen. Es besteht eine große 
Notwendigkeit, neue Vulnerabilitäten dieser Erkrankung aufzudecken und weniger toxische 
Therapiepläne zu entwickeln. Mehrere genetische Aberrationen wie eine Amplifikation des 
MYCN-Onkogens, eine ALK-Mutation oder ein TERT-Rearrangement wurden bereits als 
Risikofaktoren identifiziert. Im Gegensetz zu adulten Tumoren ist die somatische Mutationsrate 
niedrig, was auf eine Beteiligung von epigenetischen Faktoren bei der Regulation hindeutet. 
Die Behandlung mit Histondeacetylaseinhibitoren (HDACi) zeigte in klinischen Studien bei 
Erwachsenen eine Reduktion des malignen Phänotyps. Obwohl die kausalen Regulatoren noch 
unbekannt sind, stellt die Therapie des Neuroblastoms mit Histondeacetylaseinhibitoren einen 
potentiellen, vielversprechenden Therapieansatz dar. 
Eine kürzlich identifizierte Subgruppe an Hochrisikoneuroblastompatienten zeigt genetische 
Rearrangements des Gens Telomerase Reverse Transkriptase (TERT). Dies resultiert in einer 
hohen Aktivität der Telomerase und korreliert mit schlechteren Überlebenschancen als bei 
Patienten ohne TERT-Rearrangement. Bislang gibt es keine klinisch erfolgreichen Inhibitoren, 
die auf TERT oder die Telomerase abzielen. Das Ziel dieser Arbeit galt der Evaluierung des 
niedermolekularen HDAC-Inhibitors Panobinostat (LBH589, Farydak®) in präklinischen 
Modellen des TERT-rearrangierten Neuroblastoms in Mono- und Kombinationstherapie. Die 
vorliegende Arbeit zeigte, dass in Modellen der Hochrisikogruppe des TERT-rearrangierten 
Neuroblastoms die Behandlung mit HDAC-Inhibitoren zu einer Reprimierung der TERT 
mRNA-Level führt. Bereits nach zweistündiger Behandlung mit Panobinostat nimmt die TERT-
Expression ab und dieser Effekt verstärkt sich mit zunehmender Behandlungsdauer. Die 
Inhibierung von HDAC1 und HDAC2 vermittelt die Repression von TERT nach 
Panobinostatbehandlung. Die Telomeraseaktivität wurde nach HDAC-Inhibitorbehandlung 
herabgesetzt. Dieser Effekt könnte unabhängig vom Onkogen MYCN sein, da die Behandlung 
TERT-rearrangierter Neuroblastomzellen mit auf MYCN abzielenden Bromodomain and Extra-
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Terminal motif (BET)-Inhibitoren keine Regulation der TERT-Level und der 
Telomeraseaktivität zeigte. Die Überexpression von TERT resultierte in gesteigerter Resistenz 
gegenüber dem HDACi-induzierten antitumoralen Phänotyp. TERT mRNA-Level, 
Telomeraseaktivität und Xenografttumorwachstum wurden durch Panobinostatbehandlung in 
TERT-rearrangierten Neuroblastommausmodellen in präventiven und therapeutischen 
Behandlungsplänen reduziert.  
Eine Panobinostatbehandlung reduzierte die Koloniebildung und das Wachstum TERT-
rearrangierter Neuroblastomzellen. Die Behandlung von TERT-getriebenen 
Neuroblastomzellen mit niedrigen nanomolaren Panobinostatkonzentrationen reduzierte die 
Zellviabilität in gleichem Maße wie die Behandlung mit mikromolaren Konzentration von 
spezifischen TERT-Inhibitoren. In Übereinstimmung mit diesen Daten reduzierte die 
Panobinostatbehandlung die metabolische Aktivität in verschiedenen Neuroblastomzelllinien 
bei einer halbmaximalen inhibitorischen Konzentration im niedrigen nanomolaren Bereich. 
Durchflusszytometrie- und RNA-Expressionsanalysen von TERT-rearrangierten Zelllinien und 
Xenografttumoren zeigten eine Änderung des Zellzyklusprofils nach Panobinostatbehandlung. 
Die identifizierten Gene der Gensets E2F und G2M waren nach Panobinostatbehandlung in 
Zelllinien und Xenografttumoren reduziert exprimiert. Die proteasevermittelte 
Apoptoseinduktion durch Panobinostatbehandlung wurde anhand der Spaltung von PARP-1 
demonstriert. Dieser Effekt wurde partiell durch den Caspaseinhibitor Z-VAD umgekehrt.  
In Kombination mit dem proteasomalen Inhibitor Bortezomib zeigte die 
Panobinostatbehandlung starke synergistische antitumorale Effizienz in 2D- und 3D-
Zellmodellen des TERT-rearrangierten Neuroblastoms. Eine synergistische Reduktion der 
TERT-mRNA Expression sowie der Telomeraseaktivität nach Kombinationsbehandlung 
konnte nicht festgestellt werden. 
Der genomische Bruchpunkt im 5′-untranslatierten Bereich des TERT-Gens und des 
Rearrangementpartner auf Chromosom 19 wurden in einer TERT-rearrangierten Zelllinie 
ermittelt. Chromatinimmunopräzipitation-Sequenzierung und Analyse von verschiedenen 
Histonmodifikationen ergab keine wesentliche Veränderung der untersuchten epigenetischen 
Umgebung am TERT-Lokus nach Panobinostatbehandlung. Methylierungsanalysen zeigten 
eine genomweite Abnahme der Methylierung von CpG-Dinukleotiden, doch wurde das 
Methylierungsprofil am TERT-Lokus nach Panobinostatbehandlung nicht bedeutend verändert. 
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Auf transkriptioneller Ebene reduzierte die Behandlung mit Panobinostat die Halbwertszeit des 
TERT-Transkriptes nach Inhibierung der de novo RNA Synthese. Dies deutet darauf hin, dass 
die Regulation auf molekularer Ebene durch die Abnahme der Stabilität des TERT-Transkriptes 
vermittelt wird. 
Zusammenfassend gibt es bislang keine klinisch erfolgreiche Therapie, die auf TERT oder die 
Telomerase abzielt. Der HDAC-Inhibitor Panobinostat weist antitumorale Effizienz bei einem 
tolerablen und behandelbaren Nebenwirkungsprofil in klinischen Studien auf. Die Behandlung 
von TERT-rearrangierten Neuroblastomzellmodellen mit dem zugelassenen HDAC-Inhibitor 
Panobinostat zeigte tumorsupprimierende Eigenschaften und führte zu einer Abnahme der 
TERT mRNA sowie der Telomeraseaktivität. Eine Therapie von Panobinostat in Kombination 
mit Bortezomib zeigte synergistische antitumorale Effizienz in Zellkulturmodellen und ist ein 
vielversprechender Ansatz für weitere Studien in Xenograftmausmodellen. Das Abzielen auf 
TERT mit nanomolaren Konzentrationen von HDAC-Inhibitoren wie Panobinostat ist ein 
vielversprechender Ansatz zur Behandlung von Neuroblastompatienten mit einem TERT-
Rearrangement, deren Prognose bislang ungünstig ist.  
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B. Summary 
Neuroblastoma is the most common extracranial solid tumor of infancy and accounts for about 
15% of cancer-related death in children. It is a heterogenic disease with divert clinical outcome, 
spanning from complete remission to progressed disease despite intensive multimodal 
treatment. Therapy concepts for treatment of the high-risk group include high dose 
chemotherapy, radiotherapy and stem cell transplantation. Antineoplastic drugs like 
doxorubicin, vincristine and carboplatin are part of the unspecific medication. The current 
treatment schedules show limited efficacy and frequent and serious side effects. There is an 
urgent need to identify new vulnerabilities of neuroblastoma and less toxic therapeutic regimens 
for the treatment of neuroblastoma. Several genomic aberrations like MYCN amplification, ALK 
mutation or TERT rearrangement are known to drive neuroblastoma progression and 
malignancy. In contrast to adult cancers, the overall somatic mutation rate is low, suggesting 
an epigenetic regulation of neuroblastoma. In adult clinical trials, treatment with histone 
deacetylase inhibitors (HDACi) reduced the malignant phenotype. Although identification of 
the responsible regulators remains unclear, the application of histone deacetylase inhibitors 
provides a promising approach for the treatment of neuroblastoma. 
A novel subgroup of high-risk neuroblastoma harbors genomic rearrangements of the 
telomerase reverse transcriptase (TERT), resulting in high telomerase activity and poor survival 
rates. There are no clinically successful inhibitors targeting TERT or telomerase. The aim of 
this study was to assess the potency of the small-molecule HDAC inhibitor panobinostat 
(LBH589, Farydak®) in preclinical models of TERT-rearranged neuroblastoma, in single agent 
or combination therapy. This study demonstrates that in models of the novel high-risk subgroup 
of TERT-rearranged neuroblastoma, HDAC inhibitor treatment repressed TERT mRNA levels. 
The reduction of TERT transcript levels was observed after 2 h of panobinostat treatment, with 
the effect increasing over time. Inhibition of HDAC1 and HDAC2 was identified to mediate 
TERT repression after panobinostat treatment. Subsequently, telomerase activity was reduced 
by panobinostat treatment. This effect might be independent of the oncogene MYCN, as 
MYCN-inhibiting Bromodomain and Extra-Terminal motif (BET) inhibitors showed no 
regulation of TERT levels and telomerase activity in TERT-rearranged cell lines. Enforced 
TERT expression demonstrated partial rescue of the antitumoral phenotype induced by HDAC 
inhibitor treatment. TERT mRNA level, telomerase activity and xenograft tumor growth was 
reduced by panobinostat treatment in mouse models of TERT-rearranged neuroblastoma in 
preventive and therapeutic treatment schedules. 
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Panobinostat treatment resulted in reduction of colony formation capacity and proliferation of 
TERT-rearranged cell lines. Low nanomolar concentrations of panobinostat decreased cell 
viability as effectively as micromolar concentrations of targeted drugs on telomerase in TERT-
driven neuroblastoma cell lines. Metabolic activity was reduced in a panel of neuroblastoma 
cells treated with panobinostat, with low nanomolar half-maximal inhibitory concentrations. 
Flow cytometry and RNA expression analyses of TERT-rearranged cell lines and xenograft 
tumors revealed alterations of the cell cycle profile after panobinostat treatment. Expression of 
the identified genes of hallmarks E2F and G2M target genes was reduced after panobinostat 
treatment in cell lines and xenograft tumors. Protease-mediated induction of apoptosis by 
panobinostat treatment was demonstrated by cleavage of PARP-1, which was partially rescued 
by the caspase inhibitor Z-VAD. 
In combination with the proteasomal inhibitor bortezomib, panobinostat treatment showed 
synergistic antitumoral efficacy in 2D and 3D cell models of TERT-rearranged neuroblastoma. 
A synergistic reduction of TERT mRNA expression or telomerase activity was not detected 
after combination treatment. 
The DNA breakpoint in the 5’-untranslated region of TERT and the rearrangement partner on 
chromosome 19 were determined in a TERT-rearranged cell line. Applying chromatin 
immunoprecipitation DNA sequencing of different histone marks, the investigated epigenetic 
landscape of the rearranged TERT locus revealed no major changes after panobinostat 
treatment. Methylation array profiling demonstrated genome-wide demethylation of CpG 
dinucleotides, but remained the methylation pattern at the TERT locus after panobinostat 
treatment. 
On the transcriptional level, RNA stability was impaired by panobinostat treatment. 
Panobinostat treatment reduced half-life of the TERT transcript upon blocking de novo RNA 
synthesis, suggesting reduced TERT transcript stability as the underlying mechanism. 
In conclusion, there are no clinically successful drugs targeting TERT or telomerase. The 
HDAC inhibitor panobinostat shows antitumoral efficacy at tolerable and manageable side 
effects in clinical studies. Treatment of TERT-rearranged neuroblastoma models with the 
approved HDACi panobinostat demonstrated tumor-suppressive efficacy and reduction of 
TERT mRNA and telomerase activity. Combination therapy of panobinostat and bortezomib 
synergistically increased the antitumoral efficacy in vitro and is a promising approach for future 
xenograft mouse studies. Targeting TERT by nanomolar doses of HDACi like panobinostat 
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might be beneficial for neuroblastoma patients presenting with TERT-rearranged tumors, still 
facing poor survival rates today.  
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1.1.1 Incidence and biology of neuroblastoma  
Neuroblastoma is the most common extracranial solid tumor in childhood with an incidence of 
about 13 cases per million children in Germany and a total of 130 patients per year (Berthold, 
2017). The global incidence of the disease is comparably the same in industrialized nations 
(Brodeur, 2003). Neuroblastoma occurs spontaneously with low hereditary burden (2%) 
(Friedman, 2005). The average age at initial diagnosis is 19 month indicating that 
neuroblastoma is a disease of infancy, with the highest rate of diagnosis in the first month of 
life (London, 2005). The disease is often diagnosed by coincidence when children are 
asymptomatic. Otherwise, children present with unspecific symptoms such as pain, fever, 
hypertension or anemia. Most frequent physical signs of patients presenting in the clinic are 
occurrence of an abdominal mass, proptosis, periorbital ecchymosis and/or pancytopenia 
(Pediatric Treatment Editorial Board, 2002). In general, primary tumors are located at the 
adrenal glands or along the paraspinal sympathetic nerve tissue in the neck, chest, abdomen or 
pelvis (Figure 1). 
Neuroblastoma is a malignant embryonic tumor of the peripheral adrenergic lineage originating 
from undifferentiated cells of neural crest derivation. During development, neural crest cells 
give rise to the adrenal medulla and vegetative ganglia (Brodeur, 2003). They delaminate from 
the neural crest first, migrate ventrally and differentiate into adrenaline- or noradrenaline-
producing cells. At the boarder of neural and non-neural ectoderm, neural crest cells are induced 
during gastrulation by bone morphogenic proteins, fibroblast growth factors, Notch and Wnt 
signaling (Le Douarin, 2012; Nelms, 2010). Genetic as well as epigenetic events are likely to 
contribute to the malignant transformation in the process of migration, differentiation and 
apoptosis. Studying gene expression profiles of neuroblastoma cell lines, Van Groningen and 
colleagues proposed neuroblastoma to originate from the developing peripheral sympathetic 
nervous system and to consist of an adrenergic (ADR) type and a mesenchymal (MES) type 
(van Groningen, 2017). Both cell types can spontaneously interconvert, reflecting the high 
plasticity and heterogeneity of the disease. Neuroblastoma show clinical heterogeneity in their 
biological features and response to treatment spanning from rapid progression of the disease to 
spontaneous regression (Brodeur, 2014; Matthay, 2016). 
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Figure 1: Clinical presentation of neuroblastoma. 
From Maris, 2010. 
 
Neuroblastoma accounts for 8–15% of cancer-related death in children in Europe and the USA 
(Althoff, 2015; Brodeur, 2014). Clinical prognostic markers such as age and stage as well 
molecular markers are used to stratify patients to different risk groups (see section 1.1.2). 
Several risk factors have been identified to drive neuroblastoma pathogenesis. The most 
prominent risk factor is the proto-oncogene MYCN. Amplification of MYCN have been 
described as major driver in neuroblastoma and to correlate with dismal prognosis. MYCN 
amplification stratifies patients to the high-risk group (Seeger, 1985). MYCN amplification is 
present in 18% of neuroblastoma and other 3% present gain of the MYCN gene. Amplification 
(≥ 8 copies) or gain (3-8 copies) of MYCN are associated with increasingly higher rate of 
unfavorable clinical and biological features (NB2004 trial protocol NCT03042429; Campbell, 
2017). MYCN status clearly impacts clinical outcome and is used as biomarker for risk 
stratification (Maris, 2010).  MYCN is located at chromosome 2p24 and encodes for a 
transcription factor known to form hetero dimers with the transcription factor MAX (Cascon, 
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2012). MYC proteins are known for their transforming ability by gene induction via 
transactivation and chromatin rearrangements (Adhikary, 2005) and have been described to 
repress tumor suppressor genes (Cheung, 2012). MYCN can be indirectly targeted with 
bromodomain and extra-terminal motif (BET) inhibitors targeting bromodomains of the BET 
family. BET proteins are epigenetic readers involved in transcriptional regulation, epigenetic 
memory and cell growth (Filippakopoulos, 2010). BET inhibitors bind competitively to the 
acetyl lysine recognition pocket of bromodomains, resulting is the dissociating of N-MYC from 
its promotor, thereby reducing MYCN expression and expression of MYCN target genes 
(Puissant, 2013). BET inhibitors are currently under clinical investigation in adult and pediatric 
oncology research in brain tumors (NCT03936465), lymphoma (NCT03925428 ) and solid 
tumors and hematologic malignancies (NCT02419417) (NIH, 2020). 
Another risk factor are chromosomal aberrations and heteroploidy, which are common events 
in neuroblastoma. About 35% of neuroblastomas harbor deletions of 1p (Attiyeh, 2005; 
Brodeur, 1977; Caron, 1996). Gain of chromosomal arm 17q is detected in about 60% of 
neuroblastoma and correlates with dismal prognosis (Bown, 2001). Deletion of 11q is present 
in 43% of neuroblastoma and correlates with unfavorable prognosis in patients lacking 
additional 1p deletions and was described to increase the risk for metastatic relapse (Spitz, 
2006). 
Activating mutations of the anaplastic lymphoma kinase (ALK) have been identified as the 
major cause of hereditary neuroblastoma (Bresler, 2014; Mossé, 2008). Three major residues 
account for about 85% of ALK mutations: R1275 (43%), F1174 (30%), and F1245 (12%) 
(Bresler, 2014). In a cohort of neuroblastoma tumors, copy number variations (CNV) were 
detected in about 17% of tumors, with a gain of the ALK gene being the most common event. 
A gain of the ALK locus almost exclusively occurs together with MYCN amplification, resulting 
in poor prognosis and inferior outcome with a 5-year overall survival of 23% (Bagci, 2012; 
Bresler, 2014). ALK is a druggable target and inhibitors of ALK are promising therapeutic 
agents in neuroblastoma therapy (Carpenter, 2012; Mosse, 2016). 
Recent whole genome sequencing studies of neuroblastomas revealed genomic rearrangements 
of the telomerase reverse transcriptase (TERT) gene in about 31% of tumors in the high-risk 
group (Peifer, 2015; Valentijn, 2015). The importance of TERT in neuroblastoma is highlighted 
in section 1.2. Further risk factors in neuroblastoma are inactivating mutations of ATRX and 
mutations in the CHD5, DOCK8, PTPN14, PHOX2B, HRAS and KRAS genes (Cheung, 2012; 
Molenaar, 2012; Pugh, 2013; Sausen, 2013). 
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Patients battling high-risk neuroblastoma experience resistance to first-line therapy in 
approximately 10% of cases and show frequently resistance to conventional chemotherapy in 
case of relapse, resulting in progressive disease and eventually early death (Naiditch, 2015). 
Further, patients of the high-risk subgroup can relapse as late as ten years after completion of 
the first-line therapy and tumors are often therapy resistant (Pediatric Treatment Editorial 
Board, 2002; Tonini, 2012; Zage, 2018). Relapses are likely to arise from a small number of 
clones surviving chemotherapy, called minimal residue disease (MRD) (Maris, 2007; Maris, 
2010; van Groningen, 2017). Neuroblastoma cells of the mesenchymal type appear to be more 
resistant to chemotherapy, eventually giving rise to MRD and relapse (Shibue, 2017; van 
Groningen, 2017; Ye, 2015). Depending on transcription factor signatures, Van Groningen and 
colleagues demonstrated that both cell types transdifferentiate, making therapy strategies even 
more complex (van Groningen, 2017).  
 
1.1.2 Classification of neuroblastoma 
Two major classification schemes have been developed to categorize histologic and biologic 
features of patients to define the different risk groups. The International Neuroblastoma Staging 
System (INSS) is a postsurgical staging system stratifying patients according to locoregional 
tumors based on the degree of surgical resection (Monclair, 2009). A second staging system 
including pre-treatment features of the tumors is the International Neuroblastoma Risk-group 
(INRG) system, staging patients before therapeutic intervention (Cohn, 2009). There are five 
stages splitting up into 16 risk groups according to the INRG classification, which help to 
categorize patients to pre-treatment risk groups and to stratify patients to different therapies 
(Figure 2). The stratification into different risk groups is based on age at diagnosis, tumor stage, 
histologic category, grade of tumor differentiation, DNA ploidy, copy-number status of the 
MYCN oncogene and genomic alterations at chromosome 11q (Cohn, 2009; Maris, 2010). 
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Figure 2: Pre-treatment classification scheme of neuroblastoma according to the INRG. 
GN: ganglioneuroma; GNB: ganglioneuroblastoma; Amp: amplified; NA: not amplified; L1: localized tumor 
confined to one body compartment and with absence of image-defined risk factors (IDRFs); L2: locoregional 
tumor with presence of one or more IDRFs; M: distant metastatic disease (except stage MS); MS: metastatic 
disease confined to skin, liver and/or bone marrow in children < 18 months of age.  Adapted from Cohn, 2009 and 
The International Neuroblastoma Risk INRG, 2020. 
 
About 50% of neuroblastoma patients are stratified to the high-risk group. There are several 
factors that define a high-risk state including MYCN amplification or distant metastasis. Over 
recent years, the overall prognosis of patients diagnosed with neuroblastoma has improved from 
about 50% overall survival in 1979 to about 70% in 2004 (Berthold, 2017). The overall survival 
of patients of the high-risk group remains as low as 40% (Matthay, 2016; Pinto, 2015). The 
overall survival of patients of the medium-risk group is approximately 80% (Berthold, 2017). 
A novel mechanistic classification of neuroblastoma into telomere maintaining and non-
maintaining tumors was proposed by Ackermann et al. in 2018 (Ackermann, 2018). In this 
study, a subset of tumors harboring telomere maintenance mechanisms and additional 
mutations in the RAS/TP53 pathway defined an ultra-high-risk group among all telomerase-
maintaining neuroblastomas, with event-free survival rates of less than 20% (Ackermann, 2018) 
(Figure 3). This novel classification is likely to be considered for future categorization and 
stratification of neuroblastoma patients. 




Figure 3: Survival probability of patients depending on telomere maintenance status. 
Event-free survival of patients according to the absence or presence of RAS or p53 pathway gene mutations and 
telomere maintenance activity. From Ackermann, 2018. 
 
1.1.3 Therapeutic strategies in neuroblastoma 
One major characteristic of neuroblastoma is the diverse biological behavior necessitating 
vastly different therapeutic scenarios, ranging from observation only to multimodal concepts 
including high-dose chemotherapy with autologous stem cell rescue, surgery, radiotherapy and 
immunotherapeutic targeting of the disialoganglioside GD2 (Maris, 2010; Pinto, 2015; Schulte, 
2015; Yu, 2010). Depending on the stratification of the patient, therapy consists of a resection 
of the tumor with optional mild chemotherapy after recurrence of the disease (very low and 
low-risk group). For the intermediate-risk group, moderately dosed chemotherapy followed by 
a surgical resection of the tumor with optional radiation therapy is applied. Patients of the high-
risk group are treated with high dose multimodal chemotherapy, radiotherapy and stem cell 
transplantation. Patients enrolled in the Neuroblastoma NB2004 Trial Protocol (NCT03042429, 
NIH, 2020) and the subsequent NB2016 Registry in Germany are treated by this multimodal 
therapy (Figure 4). 
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Figure 4: Treatment schedule for the neuroblastoma high-risk group according to the NB2004 trial study 
NCT03042429. 
S: Surgery; R: Randomization; N4/5/6/8: chemotherapy cycles; MIBG: Meta-iodobenzylguanidine treatment; 
EBRT: External beam radiation therapy; ASCT: autologous stem-cell transplantation; 13-cis-RA: 13-cis-retinoic 
acid. From the study protocol NCT00410631. 
 
Multiple cycles with antineoplastic chemotherapeutic drugs such as doxorubicin, vincristine 
and carboplatin are part of this treatment recommendation. A phase II study recruiting relapsed 
high-risk neuroblastoma patients in Germany is the RIST-rNB-2011 protocol (NCT01467986, 
NIH, 2020). Therapy of patients randomized to the experimental arm consists of treatment with 
dasatinib, rapamycin, irinotecan and temozolomide. Treatment regimens are accompanied by 
unwanted side effects such as pancytopenia, hearing loss, infertility and potentially secondary 
malignant neoplasms. Targeted therapeutics matching to the individual tumor genotype of each 
patient are urgently required and are likely to be combined with standard chemotherapeutics to 
minimize the risk of resistance development and to yield optimal antitumoral efficacy. 
 
1.2 TERT and telomerase 
1.2.1 TERT and telomerase in neuroblastoma 
A novel subgroup of high-risk neuroblastoma was identified to harbor rearrangements at the 
TERT locus (Peifer, 2015; Valentijn, 2015). An estimate of about 30% of high-risk cases present 
genomic TERT rearrangements, resulting in high TERT levels and active telomerase. The TERT 
rearrangement was analyzed in a cohort of neuroblastoma patient samples of different risk 
groups (Peifer, 2015; Valentijn, 2015). Rearrangements of the TERT locus were shown to occur 
in a region upstream of TERT, termed the “breakpoint region” (Figure 5). In these tumors, the 
rearrangement was found to be located 50 kb upstream of the transcriptional start site (TSS) of 
TERT without affecting the gene or its promoter and resulting in proximity of TERT to super-
enhancer elements.  
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Figure 5: The TERT genomic region. 
The TERT genomic region including the predicted breakpoint region as described in Peifer, 2015. 
 
The TERT gene is surrounded by genes SLC6A19, SLC6A18 and bleyplaby at the distal side and 
CLPTM1L proximal of the gene locus. TERT-rearranged neuroblastoma show increased 
expression of SLC6A19, SLC6A18 and bleyplaby compared to MYCN-amplified neuroblastoma 
or tumors lacking a TERT rearrangement and MYCN amplification. In contrast, CLPTM1L is 
equally expressed in TERT-rearranged, MYCN-amplified or in tumors lacking a TERT 
rearrangement and MYCN amplification (Peifer, 2015). In MYCN-amplified tumors from this 
study, only TERT and the overlapping gene bleyplaby show upregulated gene transcription, 
demonstrating a silencing of gene expression in this chromosomal region and a selective 
upregulation of TERT by transcriptional activation by amplified MYCN (Peifer, 2015). In a 
second cohort of TERT-rearranged neuroblastomas, only TERT expression was increased with 
no alterations in SLC6A19, SLC6A18, bleyplaby or CLPTM1L expression compared to non-
TERT-rearranged samples (Valentijn, 2015). The neuroblastoma cell lines GI-ME-N and 
CLB-GA carry rearrangements of TERT without harboring amplification of MYCN. The high 
TERT expression is mediated via enhancer hijacking, putting the TERT locus under the control 
of super enhancers (Peifer, 2015; Gartlgruber, 2018; Valentijn, 2015;  Zhao, 2009). Although 
several copies of TERT were detected in TERT-rearranged cell line models, the high TERT 
expression in TERT-rearranged cell lines is most likely enabled by the rearranged chromatin 
environment of the locus and not be copy number alterations (Gartlgruber, 2018; Peifer, 2015; 
Valentijn, 2015). In a cohort of colorectal carcinomas, there was no correlation between TERT 
copy number and its expression level or telomerase activity (Palmqvist, 2005). The 
MYCN-amplified cell line Kelly was demonstrated to harbor a TERT rearrangement whereas 
LAN-2 was presumed to carry a TERT rearrangement (Gartlgruber, 2018). In TERT-rearranged 
CLB-GA and Kelly cells, Assay for transposase‐accessible chromatin (ATAC) sequencing 
revealed enriched peaks in the TERT locus and surrounding genes, indicative of an open 
chromatin state (Gartlgruber, 2018). In the patient cohorts by Peifer et al. and Valentijn et al., 
TERT rearrangements occur almost mutually exclusive with MYCN amplification or ATRX 
50 kb
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mutation, juxtaposing the TERT coding sequence under the control of strong super-enhancer 
elements, resulting in transcriptional upregulation of TERT (Peifer, 2015; Valentijn, 2015). The 
occurrence of TERT rearrangements correlates with unfavorable patient survival, even stronger 
than MYCN amplification (Figure 6). 
 
Figure 6: Overall survival of neuroblastoma patients of different risk-groups. 
TERT: TERT rearrangements, MNA: MYCN amplification, HR: high-risk disease without these alterations, non-
HR: low-risk or intermediate-risk disease. Numbers indicate patients per group. From Peifer, 2015. 
 
1.2.2 Telomere biology 
The TERT gene is located on the minus strand of chromosome 5p15.33 and consists of 16 exons 
(Figure 7). Several isoforms have been discovered but only the full-length transcript shows 
catalytic activity (Saeboe-Larssen, 2006). The coding sequence consists of 41,901 bp 




Figure 7: The TERT gene is localized on the distal part of chromosome 5. 
The gene is located on chr5, p15.3 and is composed of 16 exons (adapted from Wang, 2016). 
 
The TERT protein is major component of the telomerase holoenzymatic complex and is 
responsible for its catalytic reverse transcriptase DNA polymerase function (Figure 8) (Counter, 
1998). Other components of the complex such as the RNA template TERC or the telomerase-
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associated protein TEP1 did not influence telomerase activity in breast cancer cells (Rubis, 
2013). TERT is most commonly localized in the nucleus, but also found in mitochondria and 
the cytosol (Ahmed, 2008; Singhapol, 2013). Telomeres consist of tandem repeats of the 
sequence TTAGGG in vertebrates at distal ends of eukaryotic chromosomes, stabilizing them 
during mitosis and protecting chromosomal ends from degradation. After each cell division, 
telomeres are shortened progressively resulting in successive degradation of chromosomal 
ends. When telomeres have reached a critical length, tumor suppressor p53 becomes activated 
and mediates entering of replicative senescence and cell death (Shay, 1991). 
 
 
Figure 8: Schematic illustration of the telomerase holoenzymatic complex. 
The core components of the telomerase complex. The molecular weight is shown in parentheses. From Gomez, 
2012. 
 
The single-stranded 3′-telomeric overhang at chromosomal ends is the substrate of telomerase. 
Telomerase adds the sequence TTAGGG to chromosomal ends, protecting cells from entering 
replicative senescence and escaping from the “end replication problem” (Olovnikov, 1996). 
The telomerase ribonucleoprotein enzyme complex functions as a reverse transcriptase and 
consists of two major components that ensure catalytic activity: TERT (or hTERT) and the 
RNA template TERC (or hTR) (Figure 8). TERT adds telomeric repeats to chromosomal ends 
by using TERC as a template for extension (Figure 9) (Greider, 1985). Besides these core 
components, the proteins TCAB1, Dyskerin, Reptin, Pontin, telomerase Cajal body protein 1, 
NHP2, NOP10 and GAR1 are associated with the telomerase complex (Artandi, 2010). 
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Figure 9: Telomerase adds repeats of the TTAGGG sequence to telomeric ends. 
Illustration of the enzymatic activity of telomerase at chromosomal ends (from English Wikibooks, 2008). 
 
The replicative aging concept is considered to be an important anti-cancer mechanism since 
cells accumulate oncogenic mutations over time (Yuan, 2019). In humans, TERT expression is 
silenced in somatic tissue so that only very low levels of telomerase are detectable, whereas 
TERC is expressed ubiquitously (Yuan, 2019). In stem cells and germline cells, telomerase is 
active since these cells replicate indefinitely without entering senescence and apoptosis (Kim, 
1994b; Wright, 1996). The importance of TERT and telomerase in healthy individuals is 
evidenced by pathological alterations of the TERT gene as demonstrated in breast, prostate and 
pancreas cancer (Walsh, 2019). About 80-90% of cancer cells display TERT expression 
resulting in active telomerase promoting cell division and proliferation (Cortez-Gonzalez, 
2007). Activation of telomerase is an early key event in malignant transformation with activated 
TERT expression together with two oncogenes (SV40 T-antigen and mutant RAS) showing to 
be sufficient to promote tumorigenesis (Hahn, 1999). Many cancer cells show (re-)activation 
of telomerase, enabling those cells to divide indefinitely and become replicative immortal. Re-
activation of telomerase was sufficient to extend the lifespan of cultured non-cancerous cells 
by maintaining telomeres (Bodnar, 1998). Telomerase activity per se is not tumorigenic, but 
enables cancer cells to become replicative immortal and proliferate continuously (Park, 2009). 
TERT overexpression is used to disable entry of senescence and to immortalize cell lines in 
culture (Counter, 1998; Hahn, 1999; Henssen, 2017). Nevertheless, cancer cells show shorter 
telomeres than surrounding healthy tissue, reflecting the increased proliferation rate of cancer 
cells (Engelhardt, 1997). Mice have longer telomeres than humans with telomerase being active 
throughout life. Mice carrying hyper-long telomeres had an increased lifespan without increase 
in spontaneous tumor formation (Muñoz-Lorente, 2019). Beside their roles in telomeric 
homeostasis, TERT and telomerase have been demonstrated to be involved in additional non-
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canonical pathways including regulation of mitochondrial activity (Gordon, 2010; Indran, 
2011; Mukherjee, 2011), cell proliferation and apoptosis (Bodnar, 1998; Kang, 2004; Ren, 
2001), WNT/β-catenin and NF-κB signaling (Choi, 2008; Ghosh, 2012b; Park, 2009) as well 
as DNA-damage repair (Beliveau, 2007; Chenette, 2009; Masutomi, 2005; Tamakawa, 2010) 
and chromatin remodeling (Masutomi, 2005). Cancer cells maintain their telomeres via 
expression of TERT or a recombination-based alternative lengthening of telomeres (ALT) 
mechanism. In cancer cells, the cell has either active TERT transcription (85%) or activated 
ALT (15%) to maintain its telomeres (Bryan, 1995). Both telomere maintenance mechanisms 
can occur in the same tumor, but are mutually exclusive in the same cell as demonstrated in 
various cancers including neuroblastoma (De Vitis, 2018; Pezzolo, 2015). Switching between 
active telomerase and ALT to maintain the telomeres was reported (Hu, 2016). A remarkable 
observation was made in a subset of neuroblastoma undergoing spontaneous regression, which 
failed to up-regulate telomerase (Hiyama, 1995). 
 
1.2.3 Regulation of TERT 
The TERT locus is highly repressed in most human somatic cells (Wright, 1996). Expression of 
TERT is detected during embryogenesis and is subsequently silenced during cell differentiation. 
The TERT promotor consists of E-boxes, GC-motifs and ETS domains (Figure 10), enabling 
binding of transcription factors such as MYC, SP1 and NF-κB but also estrogen, AP-1, p53 and 
E2F factors were demonstrated to influence TERT expression (Akincilar, 2016; Colebatch, 
2019; Cong, 1999; Kyo, 2000). In neuroblastoma, MYCN amplification results in an active 
transcription of TERT as a downstream target of MYCN (Mac, 2000). In consequence, TERT 
expression is increased in comparison to non MYCN-amplified neuroblastoma (Peifer, 2015; 
Valentijn, 2015). Several mutations of TERT or its promotor are described to mainly activate 
TERT expression in somatic tissue, potentially contributing to malignant transformation 
(Colebatch, 2019). TERT promoter mutations resulting in increased TERT expression and 
telomerase activity are associated with metastasis and reduced survival (Heidenreich, 2017) as 
described in melanoma (Populo, 2014), thyroid carcinomas (Melo, 2014) and gliomas (Killela, 
2013). 
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Figure 10: Schematic overview of the TERT promotor site.  
Regulatory motifs of the TERT region. Numbers indicate distance in base pairs to transcriptional start site. Not 
true to scale. Bp: base pair; ETS: erythroblast transformation specific (binding site). Adapted from Khattar, 2017. 
 
In TERT-rearranged neuroblastoma, the promotor and gene body of TERT are not found to be 
mutated (Peifer, 2015; Valentijn, 2015). Genomic rearrangements result in translocation of the 
TERT locus, thereby putting TERT under the control of super-enhancers (Peifer, 2015; 
Valentijn, 2015). These regulatory elements are collectively bound by an array of transcription 
factors, inducing high transcription of subsequent target genes (Peifer, 2015; Gartlgruber, 
2018). Many cancer cells acquire super-enhancers at key oncogenes (“enhancer hijacking”), 
strongly driving gene transcription (Northcott, 2014). When TERT is actively transcribed, 
massive chromatin remodeling is necessary since the TERT locus is tightly repressed in most 
somatic tissues (Yuan, 2019). Epigenetic modifications such as histone modifications, 
methylation status and non-coding RNA (miRNA, lncRNA) have been associated to influence 
TERT levels (Jie, 2019).  
 
1.2.4 Epigenetic regulation of TERT 
1.2.4.1 Histone modifications 
Several epigenetic modifications are associated to influence TERT expression, although the 
regulation depends on the cellular context (Zhu, 2010). Methylation at lysine 4 on histone H3 
(H3K4) and acetylation of histones are generally considered as marks for active gene 
transcription (Kim, 2005b). Triple methylation of lysine 9 (H3K9me3) and of lysine 27 on 
histone H3 (H3K27me3) repress gene transcription and are less prominent in cancer cells 
(Boros, 2014). In telomerase-positive tumor cells, highly triple methylated lysine 4 on histone 
H3 (H3K4me3) seems to activate transcription of TERT (Atkinson, 2005). The high methylation 
5‘ 3‘
bp
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status is mediated by SET and MYND domain-containing protein 3 (SMYD3). SMYD3 is a 
specific H3K4 dimethyl- and trimethyltransferase, which regulates trimethylation of H3K4 
within the TERT core promotor (Liu, 2007). Treatment with HDAC or DNA methyltransferase 
(DNMT) inhibitors re-activates TERT expression in non-malignant cells by keeping high levels 
of histone acetylation and DNA demethylation (Cong, 1999). In high-risk neuroblastoma 
tumors and cell lines presenting high TERT expression, histone marks standing for active gene 
expression were enriched at the TERT locus and repressive histone marks were less abundant, 
compared to low TERT-expressing tumors and cell lines (Peifer, 2015; Gartlgruber, 2018; 
Valentijn, 2015). In TERT-rearranged neuroblastoma, activating histone marks indicative of an 
active promoter (H3K4me3 and H3K27ac) and transcriptional elongation (H3K36me3) were 
enriched at the TERT TSS and the gene body. Enrichment of H3K27me3 and H3K9me3 
marking repressed gene transcription were also detected in TERT-rearranged neuroblastoma 
tumors (Gartlgruber, 2018; Peifer, 2015). Another pathway to activate TERT is mediated via 
β-catenin (Hoffmeyer, 2012). The protein binds to the TCF motif within the TERT promotor 
and recruits methyltransferase SETD1a, resulting in trimethylation of H3K4 and activation of 
TERT gene transcription. It was also shown that TCF1, TCF4 and KLF4 might participate in 
the β-catenin-mediated TERT transcription (Hoffmeyer, 2012; Zhang, 2012). Another pathway 
to regulate TERT transcription was demonstrated via the two catalytic subunits of the SWI/SNF 
chromatin remodeling complex, BRD1 and BRM (Ito, 2008). 
 
1.2.4.2 DNA methylation 
Methylation adds a methyl group to the C5 position of cytosines in CpG dinucleotide DNA 
sequences. Three DNA methyltransferases are described in humans: DNMT1, DNMT3a and 
DNMT3b (Deaton, 2011). Methylation of cytosine at CpG islands near gene promotor regions 
is considered to mediate epigenetic silencing of gene transcription (Medvedeva, 2014). For the 
TERT locus, there is recent evidence that methylation of a region proximal to TERT termed 
THOR (TERT hypermethylated oncological region) is enabling gene transcription across 
cancer entities (Lee, 2019). THOR is a 433-bp genomic region containing 52 CpG sites located 
upstream of the TERT core promoter (Lee, 2019). In contrast to the general assumption that 
DNA methylation correlates with gene repression, it has been suggested that the unmethylated 
TERT promoter favors binding of transcriptional repressors in non-cancerous cells and that 
methylation enhances TERT gene transcription and subsequent malignant transformation (Lee, 
2019). The HDAC inhibitor vorinostat was shown to reduce methylation in Non-Small Cell 
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Lung Cancer Cells (Li, 2011). In neuroblastoma tumors highly expressing TERT, methylation 
array profiling revealed a consistent increase in CpG methylation across the TERT locus, 
compared to tumors with low TERT expression (Peifer, 2015). 
 
1.2.4.3 Non-coding RNA 
Non-coding RNAs such as micro RNA (miRNA) or long-noncoding RNA (lncRNA) are 
encoded throughout the genome and add additional complexity to the process of gene 
transcription (Buckingham, 2013). The most prominent non-coding RNA to be involved in the 
regulation of TERT are miRNAs (Farooqi, 2018). They play important roles in post-
transcriptional regulation of target genes by binding to the 3’ untranslated region (UTR) of 
transcripts (Ali Syeda, 2020). Several miRNA have been described to target TERT transcripts 
in cancer, resulting in reduced translational rates such as miR-491-5p (Zhao, 2015), miR-1182 
(Zhang, 2015), miR-1207-5p and miR-1266 (Chen, 2014). The lncRNAs compete with 
miRNAs and inhibit their binding to miRNA recognizing elements (MRE), resulting in 
protection of target RNAs (Buckingham, 2013). Only a few lncRNA have been associated to 
influence TERT transcription: long-noncoding RNA BC032469 is overexpressed in gastric 
cancer resulting in higher abundance of TERT (Lu, 2016). 
 
1.2.5 Therapies targeting TERT or telomerase 
Inhibitors of TERT or telomerase have proven efficacy in preclinical research but failed in 
clinical trials due to severe side effects (Relitti, 2020). A telomerase-targeted therapy represents 
a promising option for a variety of cancer entities. The likelihood to acquire resistance is 
considered minor, since TERT is encoded by a non-redundant gene. ALT-positive tumors 
maintain telomeres independent of telomerase activity. A selection for ALT-positive tumor 
cells or a switch to ALT activation under therapy is still possible (Cortez-Gonzalez, 2007; Hu, 
2016; Shay, 2012). It might become necessary to target both pathways to arrest telomere 
maintenance. Nevertheless, treatment with TERT or telomerase-specific agents should be 
specifically target tumor cells at low toxicity towards stem cells or germline cells. Several 
approaches to target telomerase have been developed: inhibition of telomerase with small 
molecules, active immunotherapy, telomere-disrupting agents, suicide gene therapy and 
inhibition of telomerase expression or biogenesis (Harley, 2008). Studies in multiple myeloma, 
erythroid leukemia and gastric cancer show that bortezomib treatment reduces TERT expression 
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and telomerase activity (Ci, 2015; Weiss, 2012). Several small molecule inhibitors of 
telomerase have been developed to interfere with the binding of telomerase to its native 
template TERC. One of the most promising inhibitors for telomerase is the N3′-P5′-thio-
phosphoramidate imetelstat (GRN163L), developed by Gereon Corp. It was administered to 
patients having cancer including multiple myeloma, non-small cell lung cancer and metastatic 
breast cancer within the framework of a clinical trial. These studies showed that imetelstat 
treatment was generally well-tolerated by the patients, but had limited therapeutic efficacy 
(Recagni, 2020). In non-small cell lung cancer, treatment with imetelstat was accompanied by 
several side effects and did not prolong the progression-free survival of the patients (Chiappori, 
2015; Relitti, 2020). Until recently, telomerase inhibitors applied to young patients with central 
nervous malignancies failed in the clinical setting due to severe side effects and toxicity 
(Salloum, 2016). An indirect targeting of TERT and telomerase using small-molecule inhibitors 
that have proven safety in clinical trials could serve as a valuable therapeutic option to repress 
TERT expression and/or telomerase activity. According to the proposed novel classification of 
neuroblastoma into telomere maintaining and non-maintaining tumors (Ackermann, 2018), 
targeting TERT and telomerase in TERT-rearranged neuroblastoma is highly desirable and 
could offer cure to patients considered incurable today. 
 
1.3 Histone deacetylases 
1.3.1 Biology and classification of HDACs 
The DNA strand of eukaryotes is organized in nucleosomes. Each nucleosome consists of 
histone proteins H2A, H2B, H3 and H4, forming the core structure of the nucleosome. The core 
is formed of two H2A-H2B dimers and one H3-H4 tetramer, around which the DNA strand is 
wrapped, resulting in a tight compensation of DNA (Roth, 2001). Each core particle binds 146 
base pairs, with linker histone H1 sitting at the front and the end of the DNA strand, locking 
the DNA in place. The core histone possesses a long, N-terminal tail, protruding into the 
nucleoplasm. These tails are highly post-transcriptionally modified and influence accessibility 
of DNA. There are several histone modifications described in humans: acetylation, methylation, 
ubiquitination, sumoylation, propionylation, citrullination and phosphorylation of specific 
amino acids within the histone protein (Weaver, 2018). Epigenetic modifications are reversible 
marks at histone proteins, mainly at lysine moieties of histones H3 and H4, or at cytosine 
nucleobases without affecting the DNA sequence. These modifications on histone proteins 
influence the shift between euchromatin and heterochromatin formation, thereby regulating 
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gene transcription (Baylin, 2006). The condensed heterochromatin disables gene transcription 
while euchromatin is a more open chromatin structure and correlates with enabled gene 
transcription (Cann, 2011). One characteristic of epigenetic marks is the reversibility of 
modifications. Writing or erasing a covalently set mark is a dynamic process mediated by, for 
example histone deacetylases (HDAC), histone acetylases (HAT) or DNA methyltransferases 
(DNMT). These non-genetic modifications can be inherited and influence later generations 
gene transcription (Slatkin, 2009). 
Histone deacetylases play important roles in epigenetic modifications of histone and non-
histone proteins. Up to date, eleven Zn2+-dependent “classical” HDACs and seven NAD+-
dependent sirtuins are known. Based on structural similarities, HDACs are categorized into four 
different classes (Table 1).  
 
Table 1: Classification of histone deacetylases into four major classes. 
Group Class Name Location 
Zn2+-dependent I HDAC1 Nucleus/Cytoplasm 
    HDAC2   
    HDAC3   
    HDAC8   
  IIa HDAC4 Nucleus/Cytoplasm 
    HDAC5   
    HDAC7   
    HDAC9   
  IIb HDAC6 Cytoplasm 
    HDAC10   
  IV HDAC11 Nucleus/Cytoplasm 
NAD+-dependent III SIRT1-7 Nucleus/Cytoplasm/Mitochondria 
 
 
Class I HDACs are most closely to the yeast Rpd3 and are ubiquitously expressed. HDACs 1-3 
are located in the nucleus with only HDAC8 additionally being found in the cytosol (Yang, 
2008b). HDAC1 and HDAC2 share 82% amino acid identity and have overlapping functions. 
Since they form common complexes, they compensate each other in their function 
(Montgomery, 2007). HDACs 1-3 act in multi-protein complexes including Sin3A, 
NcoR/SMRT, Co-REST, Mi2/NuRD and EST1B (de Ruijter, 2003; Zhang, 2014). HDAC1 and 
HDAC2 suppress hyperacetylation of tumor suppressor p53 in the embryonic epidermis 
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(LeBoeuf, 2010). Class II HDACs are homologues to the yeast HDA1, and their expression and 
function is more tissue specific (Yang, 2008b). Class IIa HDACs can be translocated to the 
cytosol whereas class IIb HDACs are exclusively found in the cytosol (de Ruijter, 2003; Yang, 
2008b). The class III HDACs are called sirtuins, referring to homologues of yeast SIR2. All 
seven sirtuins have a distinct subcellular localization: SIRT1, SIRT6 and SIRT7 are localized 
in the nucleus, SIRT2 in the cytosol, and SIRT3, SIRT4 and SIRT5 in the mitochondria. Sirtuins 
are involved in cancer, aging and neurodegenerative diseases (Donmez, 2013; Hall, 2013). 
Class IV has only one member HDAC11, which is mainly located in the nucleus (Gao, 2002). 
HDAC11 has been proposed as a drug target in cancer therapy (Deubzer, 2013). 
The well-studied role of HDACs is their function as epigenetic modifiers in deacetylating 
histones. Histone tails carry positive charges due to amine groups at lysine and arginine amino 
acids, increasing the binding affinity to the negatively charged phosphate backbone of DNA 
(Seto, 2014). Acetyl moieties for acetylation of lysines are transferred from acetyl-coenzyme A 
(Figure 11). Introduction of acetyl groups by histone acetyl transferases reduces the positive 
charge of histone tails, diminishes the interaction of histones and DNA resulting in a more open 
chromatin state (Seto, 2014). Acetylation of proteins changes the physicochemical features of 
modified lysines from basic to polar. This change in polarity can influence the features of the 
protein regarding its structure, stability and function. Acetylation of lysine hinders further 
modification of lysine such as methylation, ubiquitinylation, sumoylation and others (Yang, 
2008a). 
 
Figure 11: (De-)Acetylation of lysine is catalyzed by HDACs and HATs. 
Enzymatic activity of HDACs and HATs at lysine (modified from Sanaei, 2019). 
 
Acetylation of histones is considered a prerequisite for enabled gene transcription. Histone 
deacetylases cleave the covalently bound acetyl moieties from ε-amino-groups of histone tails 
and non-histone proteins, thereby increasing binding affinity of histone tails to DNA 
(Haberland, 2009; Witt, 2009b; Yang, 2008a). Acetylation and deacetylation of histones and 
non-histone proteins form a dynamic equilibrium and can influence activity, stability and 
interaction of proteins (Figure 12) (Seto, 2014). 
basicpolar




Figure 12: Acetylation of histone tails is a dynamic process mediated by HDACs and HATs. 
HDACs of classes I-IV remove acetyl moieties from histone tails. Adapted from Schneider, 2013. 
 
 
1.3.2 HDACs in neuroblastoma 
In healthy somatic tissue, there is a balance between acetylation and deacetylation level of 
histones and non-histone proteins. This balance is often altered in cancer with many tumor 
suppressors being transcriptionally silenced (Kazanets, 2016). In numerous cancers, differential 
expression and activity of HDACs have been reported (Bolden, 2006; Mei, 2004; Sanaei, 2019). 
HDACs were reported to influence chromatin structure and fundamental pathways such as gene 
expressing, cell differentiation, cell cycle arrest and cell death (Kramer, 2001). Additional 
substrates undergoing dynamic acetylation and deacetylation are signal transduction mediators, 
cytoskeletal proteins, molecular chaperones, nuclear import factors, and viral proteins (Glozak, 
2005). These HDAC substrates are directly or indirectly involved in numerous important cell 
pathways including control of gene expression, regulation of cell proliferation, differentiation, 
migration, and death (Zhang, 2014). In neuroblastoma, it was reported that several HDACs 
harbor specific and non-redundant oncogenic functions. HDAC2 cooperates with MYCN to 
repress tumor suppressor miR-183 (Lodrini, 2013). Induced miR-183 expression resulted in 
cell death and reduced proliferation of xenograft tumors (Lodrini, 2013). The transcription 
factor grainyhead-like 1 (GRHL-1) mediates expression of tumor suppressive elements and is 
transcriptionally repressed by HDAC3 and MYCN (Fabian, 2014). Expression of HDAC8 was 
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described to correlate with advanced stages of disease, and reduced HDAC8 expression resulted 
in induction of differentiation and apoptosis (Oehme, 2009a; Oehme, 2009b). HDAC10 was 
reported to promote autophagy-mediated neuroblastoma cell survival (Oehme, 2013). Elevated 
HDAC11 expression was detected in neuroblastomas and depletion of HDAC11 was sufficient 
to cause apoptosis and to inhibit metabolic activity in different cancer cell lines including 
neuroblastoma (Deubzer, 2013; Thole, 2017). This data underlines the importance of HDACs 
in neuroblastoma and have led inhibitors of HDACs to become interesting anticancer agents. 
 
1.3.3 Histone deacetylase inhibitors 
Most of the developed histone deacetylase inhibitors (HDACi) target the classical HDACs of 
classes I, II and IV. Within a class of HDACs, there are structural similarities which makes it 
difficult to synthesize specific HDAC inhibitors. For example, HDAC1 and HDAC2 share 82% 
amino acid identity and have overlapping functions (Ma, 2012; Montgomery, 2007). Inhibitors 
of HDACs might not be specific and additionally inhibit other HDACs as well. Additionally, 
target specificity depends on the applied concentration. Many HDAC inhibitors were isolated 
from natural compounds or organisms. Several chemical motifs inhibiting HDACs were 
identified and served as building blocks for development of novel synthetic HDAC inhibitors 
(Olzscha, 2016; Pavlik, 2013): 
• Hydroxamates (trichostatin A, vorinostat, panobinostat, WT161, Santacruzamate A) 
• Cyclic peptides (trapoxin B, romidepsin) 
• Benzamides (entinostat, mocetinostat) 
• Electrophilic ketones 
• Aliphatic fatty acids (phenylbutyrate, valproic acid). 
HDAC inhibitors share structural similarities and consist of three major building blocks: cap 
group, linker and functional group (Figure 13). The cap group is often made of cyclic aromatics, 
enhancing structure recognition of the molecule. The linker defines the space between the cap 
group and the functional group, thereby ensuring proximity of the functional group to the 
binding site. The functional group is designed to have strong affinity to Zn2+ cations, the 
catalytic active site of the HDACs (Ficner, 2009). Oxygen and nitrogen atoms owning a free 
electron pair are commonly used to chelate Zn2+. Therefore, Zn2+-chelating HDACi specifically 
target HDACs of class I, II and IV and not the sirtuins (Wu, 2011). 
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Figure 13: Structural properties of HDAC inhibitors. 
The red moieties highlight the functional group responsible for classification (from Shirakawa, 2013). 
 
Hydroxamates often target multiple HDACs (pan-HDACi) while benzamides are more 
selective for class I HDACs. Many of these derivatives directly target the catalytic site of the 
enzyme by chelating Zn2+ ions. Since HDACs are involved in many different pathways, 
inhibition of HDACs has severe impact on downstream mechanisms such as angiogenesis, cell 
cycle and apoptosis (Anne, 2013; Seto, 2014) (Figure 14). This could explain their cytotoxicity 
and antitumoral effects. 




Figure 14: HDAC inhibition affects multiple essential cellular pathways. 
HDACs are involved in many different pathways regulating transcription, cell cycle and apoptosis (from Anne, 
2013). 
 
HDACi treatment causes cell cycle arrest (Yamaguchi, 2010) and disrupts DNA repair in 
various ways including double-strand break stabilization, reduced expression of DNA repair 
factor and accumulation of reactive oxygen species (ROS) causing cellular stress and damage 
(Khan, 2008b). HDACi demonstrate a relative specificity in targeting cancer cells. In contrast 
to cancer cells, normal cells harbor multiple epigenetic regulatory mechanisms. Proper 
maintenance of a set of key genes required for survival and growth is mediated by HDACs, 
suggesting HDAC inhibition as promising vulnerability of cancer cells (Dawson, 2012). 
Mechanisms of anticancer effects of HDAC inhibitors are not uniform and may differ in the 
types of cancer, dependent on the individual HDAC inhibitor, its dose and/or some other factors 
to result in the divert phenotypes (Eckschlager, 2017). Over the last years, HDAC inhibitors 
became approved by the US Food and Drug Administration (FDA) and the European 
Medicines Agency (EMA) for application as anti-cancer agents. The pan-HDAC inhibitor 
vorinostat (SAHA; Merck; 2006) was the first HDACi approved by the FDA for the treatment 
of cutaneous T-cell lymphoma. Romidepsin (FK228; Celgene; 2009) was approved for 
cutaneous T-cell lymphoma (CTCL), belinostat (Beliodaq; Spectrum Pharmaceuticals; 2014) 
for peripheral T-cell lymphoma (PTCL), and panobinostat (LBH589, Farydak®; Novartis; 
2015) for multiple myeloma (Singh, 2016). Up to now, there is no approved HDACi for 
pediatric application. 
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1.3.4 Panobinostat 
Panobinostat (LBH589) is an orally bioavailable hydroxamic acid‐derived pan-HDACi 
approved for treatment of multiple myeloma in 2015 and is one of the most promising HDACi 
in clinical trials. It is used in combination therapy with the proteasomal inhibitor bortezomib 
and dexamethasone in refractory or relapsed multiple myeloma and is under clinical 
investigation in various adult cancer entities including acute myeloid leukemia 
(NCT01242774), non-small cell lung cancer (NCT01336842), lymphoma (NCT00967044) and 
others (NIH, 2020). Few pediatric phase I and II studies are currently being investigated in 
pediatric leukemia (NCT01321346), glioma (NCT03566199) or Hodgkin's Lymphoma 
(NCT01169636) (NIH, 2020). In preclinical models of neuroblastoma, treatment with HDACi 
showed to induce differentiation, cell cycle arrest, apoptosis and arrested xenograft tumor 
growth (Deubzer, 2008; Kolbinger, 2018; Lodrini, 2013; Oehme, 2009b; Witt, 2009a). These 
promising reports give rise for future clinical application of HDACi in neuroblastoma therapy. 
Pan-HDACi inhibitor treatment is accompanied by a broad spectrum of side effects and a more 
defined therapy will contribute to reduce side effects of the treatment. Since inhibition of 
HDACs results in extensive changes in cancer cells expression profiles, identification of distinct 
vulnerabilities in neuroblastoma induced by HDACi treatment need to be further investigated.  
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1.4 Aims of the project 
Treatment of high-risk neuroblastoma patients remains a challenge in pediatric oncology. 
Survival rates have not improved much during the last years for this group of patients. The 
recently identified sub-group of high-risk neuroblastoma patients carry TERT rearrangements 
resulting in high telomerase activity, which is considered as one of the hallmarks of cancer. A 
novel classification of neuroblastoma into telomere-maintaining and non-maintaining tumors 
underlines the importance of TERT and telomerase in neuroblastoma. Hence, there is an urgent 
clinical need for targeting TERT. Up to now, there are no clinically successful therapeutics 
targeting TERT or telomerase due to severe side effects of the therapy. An indirect targeting of 
TERT using HDAC inhibitors could circumvent limitations of current strategies and open up 
new application for epigenetic agents. As epigenetic modifications induced by HDAC 
inhibitors are pharmacologically reversible, they can serve as attractive targets for non-
genotoxic treatment approaches. Panobinostat is an approved pan-HDAC inhibitor in adult 
cancer therapy. As it has demonstrated antitumoral efficacy in preclinical models of high-risk 
neuroblastoma, panobinostat could serve as a valuable therapeutic option for the TERT-
rearranged neuroblastoma patients. The aims of this study were: 
• Assess the potency of the small-molecule inhibitor panobinostat (LBH589, Farydak®) 
in preclinical model systems of TERT-rearranged neuroblastoma on TERT expression 
and telomerase activity. 
• Define the antitumoral efficacy of panobinostat therapy in neuroblastoma cell lines and 
xenograft mouse models. 
• Dissect the molecular pathways and regulatory networks of HDAC inhibition to gain a 
deeper understanding of the underlying mechanism on the regulation of TERT.  
• Investigate potential combination treatment of panobinostat with the proteasomal 
inhibitor bortezomib in TERT-rearranged neuroblastoma models. 
 
  




Table 2: Organisms. 
Microorganism Name Supplier 
E.coli X10GOLD Agilent Technologies, Santa Clara, USA 
Nude mice NMRI-Foxn1nu/nu, female Janvier Labs, Le Genest-Saint-Isle, France 
 
2.2 Cell lines 
Table 3: Neuroblastoma cell lines. 
























































Table 4: Inhibitors. 
Inhibitor Synonym Supplier 
Actinomycin D  Sigma-Aldrich Chemie GmbH, Steinheim, Germany 
BIBR1532  Biozol Diagnostica Vertrieb GmbH, Eching, Germany 
Bortezomib  Selleck Chemicals, Houston, USA 
Bufexamac  Selleck Chemicals, Houston, USA 
Compound 2  Selleck Chemicals, Houston, USA 
Costunolide  Biozol Diagnostica Vertrieb GmbH, Eching, Germany 
Doxorubicin  Selleck Chemicals, Houston, USA 
Entinostat MS-275 Selleck Chemicals, Houston, USA 
I-BET762  Selleck Chemicals, Houston, USA 
Mocetinostat  Selleck Chemicals, Houston, USA 
Oxaliplatin  Selleck Chemicals, Houston, USA 
Panobinostat LBH589 Selleck Chemicals, Houston, USA 
Romidepsin  Selleck Chemicals, Houston, USA 
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Santacruzamate A  Biozol Diagnostica Vertrieb GmbH, Eching, Germany 
Temozolomide  Selleck Chemicals, Houston, USA 
Valproic acid  Selleck Chemicals, Houston, USA 
Vorinostat SAHA Selleck Chemicals, Houston, USA 
Z-VAD  Thermo Fisher Scientific, Waltham, USA 
 
2.4 Reagents 
Table 5: Chemicals and enzymes. 
Chemical/Reagent Comments Manufacturer 
Agarose 
Biozym Scientific GmbH, Hessisch 
Oldendorf, Germany LE agarose 
Biozym Scientific GmbH, 
Hessisch Oldendorf, Germany 
Alkaline phosphatase 
Alkaline phosphatase buffer 
rAPid Alkaline Phosphatase Roche, Rotkreuz, Switzerland 
Ammonium persulfate  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Ampicillin  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Bovine Serum Albumin Fraction V 
Carl Roth, Karlsruhe, 
Germany 
Bradford reagent Roti-Quant 
Carl Roth, Karlsruhe, 
Germany 
Chloramphenicol 34 mg/ml 
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Crystal violet  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
CutSmart buffer  
New England BioLabs, 
Ipswich, Massachusetts, USA 
dNTPs  
Thermo Fisher Scientific, 
Waltham, USA 
DMEM medium 
DMEM (4.5g/l glucose) with 1 mM 
Na-pyruvate, 584 mg/l L-glutamine 
Thermo Fisher Scientific, 
Waltham, USA 
DMSO >99.5% bioscience grade 
Carl Roth, Karlsruhe, 
Germany 
DNase  
Qiagen, Venlo, The 
Netherlands 
DNA ladder GeneRuler™, 100 bp 
Thermo Fisher Scientific, 
Waltham, USA 
DNA ladder, 1 kb GeneRuler 1kb DNA ladder 
Thermo Fisher Scientific, 
Waltham, USA 
DpnI  
New England BioLabs, 
Ipswich, Massachusetts, USA 
dNTP Mix my-budget dNTP mix 
Bio-Budget Technologies 
GmbH, Krefeld, Germany 
Western Lightning Plus-ECL 
detection solution 
 Perkin Elmer, Waltham, USA 
EcoRI  
New England BioLabs, 
Ipswich, Massachusetts, USA 
Effectene® Transfection reagent 
Qiagen, Venlo, The 
Netherlands 
Ethanol  
Carl Roth, Karlsruhe, 
Germany 
Ethidium bromide 0.5% solution 
Carl Roth, Karlsruhe, 
Germany 
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Fetal calf serum Superior Merck, Darmstadt, Germany 
p-Formaldehyde 37% 
Carl Roth, Karlsruhe, 
Germany 
Formalin 4% 




GmbH, Steinheim, Germany 
Isopropanol  
Carl Roth, Karlsruhe, 
Germany 
LB For molecular biology 
Carl Roth, Karlsruhe, 
Germany 
Lipofectamine™ RNAiMAX Transfection reagent 
Thermo Fisher Scientific, 
Waltham, USA 
Lithium chloride  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Non-essential amino acids 100x Biochrom, Berlin, Germany 
Magnetic beads SureBeads™, Protein A coupled Bio-Rad, Hercules, USA 
2-Mercaptoethanol  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Magnesiumdichloride  Merck, Darmstadt, Germany 
Magnesiumsulfate  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Matrigel™ 
Basement membrane-like matrix, 
Phenol Red-Free 
Corning Life Science, 
Tewksbury, USA 
Milk powder Skimmed milk powder 
Carl Roth, Karlsruhe, 
Germany 
Opti-MEM™ medium 
Opti-MEM™ reduced medium,  w/o 
HEPES; with L-Glutamine, w/o Phenol 
Red 
Thermo Fisher Scientific, 
Waltham, USA 
P1 buffer 
Resuspension buffer for DNA 
purification 
Qiagen, Venlo, The 
Netherlands 
P2 buffer Lysis buffer for DNA purification 
Qiagen, Venlo, The 
Netherlands 
P3 buffer 
Neutralization buffer for DNA 
purification 
Qiagen, Venlo, The 
Netherlands 
Paraffin Paraplast 
Leica Biosystems, Leider 
Lane, USA 
PEG 3000  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Phusion DNA polymerase 
Phusion HF buffer 
Phusion Hot Start II High Fidelity 
DNA Polymerase 
Thermo Fisher Scientific, 
Waltham, USA 
Polyacrylamide  
Carl Roth, Karlsruhe, 
Germany 
Propidium iodide  
Thermo Fisher Scientific, 
Waltham, USA 
Protein Ladder PageRuler™, 10-18 kDa 
Thermo Fisher Scientific, 
Waltham, USA 
Q5 DNA Polymerase 
Q5 buffer 
Q5® High-Fidelity DNA Polymerase 
New England BioLabs, 
Ipswich, Massachusetts, USA 
RNase  
Qiagen, Venlo, The 
Netherlands 
RNase A  
Thermo Fisher Scientific, 
Waltham, USA 
RNase-free water  
Qiagen, Venlo, The 
Netherlands 
RPMI medium 
RPMI Medium 1640, w/o HEPES; 
with L-Glutamine, Phenol Red 
Thermo Fisher Scientific, 
Waltham, USA 
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Sodium acetate  
Carl Roth, Karlsruhe, 
Germany 
Sodiumchloride  
Carl Roth, Karlsruhe, 
Germany 
Sodiumdodecylsulfate  
Carl Roth, Karlsruhe, 
Germany 
SYBR green mastermix Fast Start Essential Mastermix Roche, Rotkreuz, Switzerland 
T4 ligase 
T4 ligase buffer 
 
New England BioLabs, 
Ipswich, Massachusetts, USA 
Tetramethylethylendiamin  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
Trypan Blue Solution 0.4% 
Thermo Fisher Scientific, 
Waltham, USA 
Trypsin 1x Trypsin, 0,05% EDTA, Phenol Red 




GmbH, Steinheim, Germany 
Tween 20  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
WST-1 reagent  Roche, Rotkreuz, Switzerland 
XhoI  
New England BioLabs, 
Ipswich, Massachusetts, USA 
Xylene  
VWR International, Radnor, 
USA 
Yeast extract  
Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany 
 
2.5 Expendable goods, laboratory equipment 
Table 6: Expendable goods and general laboratory equipment. 
Expendable good Comments  Supplier  
AFA® tubes 
2 ml, for sample 
sonification 
Covaris Inc, Woburn, USA 
Assay tubes QubitTM 
Thermo Fisher Scientific, 
Waltham, USA 
Beakers 200 ml, 500 ml Schott AG, Mainz, Germany 
Biopsy punch 5 mm diameter 
Kai Industries Co., Ltd., Seki, 
Japan 
Blades 
X50 Blade MX35 Ultra 
LP 
Thermo Fisher Scientific, 
Waltham, USA 
Cell culture dish  10 cm, 15 cm  
Corning Life Science, Tewksbury, 
USA®  
Cell culture flasks  T25, T75, T175 
Corning Life Science, Tewksbury, 
USA®  
Cell scrapers  Sarstedt, Nümbrecht, Germany 
Cryo Pure Tube  1.6 ml  Sarstedt, Nümbrecht, Germany 
Embedding cassettes 40 x 28 x 6.8 mm Carl Roth, Karlsruhe, Germany 
FACS tubes  
FACS-tubes Polystyrol, 6 
ml, 12x75 mm  
Corning Life Science, Tewksbury, 
USA  
Corning Life Science, Tewksbury, USA™ 
Conical Centrifugation Tubes  
Falcon tubes 15 ml, 50 
ml  
Corning Life Science, Tewksbury, 
USA  
Glass bottles 
100 ml, 200 ml, 500 ml, 
1 l 
Schott AG, Mainz, Germany 
Microcentrifuge tubes  0.5 ml, 1.5 ml, 2 ml, 5 ml 
Eppendorf, Hamburg, Germany 
Sarstedt, Nümbrecht, Germany 
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Mortar, Pestle  Waldenwanger, Berlin, Germany 
Multiply®-μStrip 0.2ml chain   Sarstedt, Nümbrecht, Germany 
Multiwell cell culture plates  6-, 96-well  
Corning Life Science, Tewksbury, 
USA  
Multiwell cell culture plates 16-well 
ACEA Biosciences Inc., San 
Diego, USA 
Neubauer cell counting chamber  0.0025 mm²  Carl Roth, Karlsruhe, Germany 
Parafilm™ M Sealing Film  10 cm x 38 m Bemis Company, Neenah, USA 
PCR well plates FrameStar® 
96-well Semi-Skirted 
PCR Plate 0.1 ml 
4titude Limited, Surrey, UK 
PCR plate seal 96-well,(140 x 77 mm 4titude Limited, Surrey, UK 
PCR tube lids  8-lid chain  Sarstedt, Nümbrecht, Germany 
Pipette filter tips SurPhob  10 μl, 100 μl, 1000 μl  
Biozym Scientific GmbH, Hessisch 
Oldendorf, Germany  
Pipette filter tips SurPhob SafeSeal  10 μl, 100 μl, 1000 μl  
Biozym Scientific GmbH, Hessisch 
Oldendorf, Germany  
Pipette filter tips ep Dualfilter T.I.P.S.® 5 ml Eppendorf, Hamburg, Germany 
Pipette tips Combitips advanced® 
0.5 ml, 1 ml, 5 ml, 10 ml, 
25 ml 
Eppendorf, Hamburg, Germany 
PVDF Membrane  
Sigma-Aldrich Chemie GmbH, 
Steinheim, Germany 
SafeSeal Microtubes 1.5 ml, 2 ml Sarstedt, Nümbrecht, Germany 
Scalpel Disposable, sterile No. 11 Swann-Morton Ltd., Sheffield, UK 
Serological pipettes 5 ml, 15 ml, 25 ml 
Sarstedt, Nümbrecht, Germany 
Corning Life Science, Tewksbury, 
USA 
Syringe with needle 
Omnican 100 (30 G,0,3 
mm x 12 mm) 
Braun, Melsungen, Germany 
Whatman Paper  




Table 7: Antibodies for western blot and ChIP sequencing. 

















































115-035-003 Goat 1:5000 
Dianova GmbH, 
Hamburg, Germany 



































39155 Rabbit 1 µg / Mio. cells 




Table 8: Composition of buffers. 
Buffer Composition 
Blocking Buffer BSA 30.3 g 1 M Tris, 3 g BSA powder in 50 ml BST-T  
Blocking Buffer Milk 30.3 g 1 M Tris, 5 g low fat milk powder in 50 ml BST-T 
ChIP dilution buffer 100 µl 20% SDS, 2.2ml Triton X-100, 480 µl 0.5 M EDTA pH=8.0, 3.34 ml 
1 M Tris-HCl pH=8.1, 6.68 ml 5 M NaCl, ad 200 ml ddH2O, autoclave 
Complete protease inhibitor 1 tablet of cOmplete® to 2 ml PBS 
EDTA buffer  0.5 M 14.6 g EDTA in 100 ml ddH2O, pH adjusted to 8.0 with 40% NaOH  
High salt immune complex 
wash buffer 
1 ml 20% SDS, 2 ml Triton X-100, 800 µl 0.5 M EDTA pH=8.0, 4 ml 1 M 
Tris-HCl pH=8.1, 20 ml 5 M NaCl, ad 200 ml ddH2O, autoclave 
Laemmli buffer 2x for western 
blot 
12.5 ml 0.5 M Tirs-HCl pH=6.5, 5 ml 20% SDS, 5 ml glycerol, 2.5 ml 2-
mercaptoethanol, 1 spatula’s tip of bromophenol blue 
LB agar 35 g LB, 10 g NaCl, 10 g tryptone and 5 g yeast extract in 1 l ddH2O, add 
20 g Agar, autoclave  
LB medium  35 g LB in 1 l ddH2O, autoclave  
LiCl immune complex washing 
buffer 
50 ml 1 M LiCl, 2 ml NP40, 2.12 g (Na)Deoxycholate, 400 µl 0.5 M EDTA 
pH=8.0, 2 ml 1 M Tris-HCl pH=8.1, ad 200 ml ddH2O, autoclave 
Low salt immune complex 
wash  buffer 
1 ml 20% SDS, 2 ml Triton X-100, 800 µl 0.5 M EDTA pH=8.0, 4 ml 1 M 
Tris-HCl pH=8.1, 6 ml 5 M NaCl, ad 200 ml ddH2O, autoclave 
Lysis buffer for western blot 1 ml 1 M Tris-HCl pH=8.5, 21 g urea, 0.5 ml Triton X-100, 5 ml 1 M DTT, 
2 ml 1 M MgCl2, 2 tablets cOmplete® protease inhibitor cocktail, ad 50 ml 
ddH2O 
PBS  80.0 g NaCl, 11.6 g Na2HPO4, 2 g KH2PO4 and 2 g KCl in 10 l ddH2O, pH 
adjusted to 7.0 with acetic acid  
SDS 20% 20 g SDS, ad 100 ml ddH2O 
SDS-Lysis Buffer 10 ml 20% SDS, 4 ml 0.5 M EDTA pH=8.0, 10 ml 1 M Tris-HCl pH=8.1, 
ad 200 ml ddH2O, autoclave 
SDS-Running buffer 10x 
(SDS-PAGE)  
30.3 g Tris, 144 g Glycine and 50 ml 20% SDS (w/w) in 1 l ddH2O  
SDS-Transferbuffer 10x 
(SDS-PAGE)  
30.3g Tris and 144 g Glycine in 1 l ddH2O  
Separation gel buffer 
(SDS-PAGE)  
45.4 g 1.5 M Tris in 250ml ddH2O, pH adjusted to 8.8  
Separation gel 10% 
(SDS-PAGE)  
4 ml ddH2O, 3.3 ml 30% Polyacrylamide, 2.5 ml 1.5 M Tris (pH 8.8), 0.1 ml 
10% SDS, 0.1 ml 10% APS and 0.004 ml TEMED  
SOC medium  20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 10 ml 1M MgCl2, 10 ml 1 M 
MgSO4 and 20 ml 20 % glucose in 1 l ddH2O  
Stacking gel buffer 
(SDS-PAGE)  
30.3 g 1.5 M Tris-HCl in 250ml ddH2O, pH adjusted to 6.8  




Table 9: Kits. 
Kit Supplier 
CellTiter-Glo® Luminescent Cell Viability Assay Promega, Madison, Wisconsin, USA 
First-Strand cDNA Synthesis Kit Thermo Fisher Scientific, Waltham, USA 
Ligation Sequencing Kit Oxford Nanopore Technologies Ltd., UK 
MagAttract HMW DNA Kit Qiagen, Venlo, The Netherlands 
NucleoBond®Xtra Maxi kit Macherey-Nagel, Düren, Germany 
QIAamp DNA Mini Kit Qiagen, Venlo, The Netherlands 
QIAquick® Gel Extraction Kit Qiagen, Venlo, The Netherlands 
QIAquick® PCR Purification Kit Qiagen, Venlo, The Netherlands 
QIAprep® Spin Miniprep Kit Qiagen, Venlo, The Netherlands 
Qubit™ dsDNA HS assay kit Thermo Fisher Scientific, Waltham, USA 
RNeasy Mini Kit Qiagen, Venlo, The Netherlands 
T4 DNA ligation kit New England BioLabs, Ipswich, Massachusetts, USA 





3.4 ml ddH2O, 0.83 ml 30 % Polyacrylamide, 0.63 ml 1.5 M Tris pH=8.8, 
0.05 ml 10% SDS, 0.05 ml 10 % APS and 0.005 ml TEMED  
TAE buffer 50x 242.28 g Trizma-base, 59 ml glacial acetic acid, 100 ml 0.5 M EDTA in 1 l 
ddH2O  
TBS buffer 10x 60.6 g Tris, 87.6 g NaCl in 1 l ddH2O, pH adjusted to 7.6 
T-BST buffer 1x 100 ml 10x TBS-Buffer, 1 ml Tween-20 in 900 ml ddH2O  
TE buffer for ChIP 400 µl 0.5 M EDTA pH=8.0, 2 ml 1 M Tris-HCl pH=8.1, ad 200 ml ddH2O, 
autoclave 
TE buffer 1x 10 ml 1 M Tris HCl pH 7.4, 2 ml EDTA buffer pH=8.0 in 1 l ddH2O  
Versene 2 ml 0.5 EDTA pH=8.0, ad 1 l ddH2O, pH adjusted to 7 with HCl 
Transfer buffer western blot 10x 30.3 g Trizma-base, 144 g Glycine, ad 1000 mL ddH2O, add 20% MeOH 
prior to use 
Tris-HCl buffer 1M 121.14 g Trizma-base in 1 l ddH2O, pH adjusted to 8.1 or 6.5 with HCl 
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2.9 Nucleic acids 
2.9.1 Small interfering RNAs 
Table 10: Small interfering RNAs. 
Target Comment Cat. No. Supplier 
Negative control 
siTOOLS negative control 
pool siRNA 
 siTOOLs Biotech GmbH, Planegg, Germany 
HDAC1 siTOOLS pool siRNA HDAC1 3065 siTOOLs Biotech GmbH, Planegg, Germany 
HDAC2 siTOOLS pool siRNA HDAC2 3066 siTOOLs Biotech GmbH, Planegg, Germany 
 
2.9.2 Oligonucleotides 
Table 11: Oligonucleotide primer applied in qRT-PCR analysis. 
Gene Forward 5’-3’ Reverse 5’-3’ Ref./ 
Supplier 
Bleyplaby CAGGATGGAGTAGCAGAGGG CCTCTCAGGTTTCACGCATG  
HDAC1 TGACGAGTCCTATGAGGCCATT CCGCACTAGGCTGGAACATC Oehme, 
2009b 
HDAC2 TGTGAGATTCCCAATGAGTTGC GGTAACATGCGCAAATTTTCAA Oehme, 
2009b 
HRPT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT Fischer, 
2005 
KIF2C GATCTATGCCATGGCCTCCC CAGAACCTGTCCCAGCTCAG  
MYCN CCACGTCCGCTCAAGAGTGT CCCTGAGCGTGAGAAAGCTG Thole, 2020 
RPS18 GAGGATGAGGTGGAACGTGT TCTTCAGTCGCTCCAGGTCT Thole, 2017 
SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG Fischer, 
2005 
TERT GTCTGGAGCAAGTTGCAAAG CGATGCTGCCTGACCTCT  
QuantiTect Primer Assays Qiagen (Hilden, Germany) 
ASF1B    QT00007224 
AURKB    QT00067403 
CCNA2    QT00014798 
CDC25A    QT00001078 
CENPM    QT00044499 
GINS2    QT00068208 
RRM2    QT00039480 
TK1    QT00083874 
 
Table 12: Oligonucleotides applied in gene technology. 
Gene Forward 5’-3’ Reverse 5’-3’ 
Ref./ 
Supplier 
pBABE5' CTTTATCCAGCCCTCAC   GATC 
TERT Sequencing 
Primer 1 
CTGGTGGCTCCCAGCTGCGC    
TERT Sequencing 
Primer 2 
TTCCAGGCCCTGGATGCCAG    




TACCTTGACAGACCTCCAGC    
TERT Sequencing 
Primer 4 



























Table 13: Oligonucleotide primers applied in ChIP-PCR. 
Gene Forward 5’-3’ Reverse 5’-3’ Ref./Supplier 
MIR183 CGTAGGGCCACTGGACGA TTGTCCCCATTCCAGCCCTG Lodrini, 2013 
GRHL1 AGAAGGGACATTCCGGAGAC GTCTCACCTCTCGGTTCTCG Fabian, 2014 
 
2.9.3  Plasmids 







Addgene ID 1774 
Ampicillin 
Plasmid was a gift from Anton Henssen, Bob 
Weinberg (Counter, 1998) 
Empty 
vector 
pBABE-neo, Addgene ID 
1767 
Ampicillin 
Plasmid was a gift from Anton Henssen, Bob 
Weinberg (Counter, 1998) 
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Figure 15: Vector map of pBABE-neo plasmid. 
Created with SnapGene. 
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Figure 16: Vector map of pBABE-neo-hTERT plasmid. 




Table 15: Technical laboratory equipment. 
Device Comments Manufacturer 
Bio Photometer Spectrophotometer Eppendorf, Hamburg, Germany 
Centrifuge 5415 D  Eppendorf, Hamburg, Germany 
Centrifuge 5424  Eppendorf, Hamburg, Germany 
Centrifuge 5810 R  Eppendorf, Hamburg, Germany 
Centrifuge Heraeus Biofuge 
Primo R 
 Thermo Fisher Scientific, Waltham, USA 
Centrifuge Megafuge 1.0R  Thermo Fisher Scientific, Waltham, USA 
Centrifuge Mini Star 
silverline 
 VWR International, Radnor, USA 
Centrifuge PerfectSpin Mini  PEQLAB, Erlangen, Germany 
Centrifuge Rotina 46  Gemini BV, Apeldoorn, The Netherlands 
Centrifuge Sorvall LYNX 
4000 
Used with the F14-6x250y 
rotor 
Thermo Fisher Scientific, Waltham, USA 
Centrifuge Universal 320 R  
Andreas Hettich GmbH & Co. KG, 
Tuttlingen, Germany 
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Covaris Inc, Woburn, USA 
S220 
Ultra sonicator Covaris Inc, Woburn, USA 
Doc-Print VX5 Gel documentation system 
VWR INTERNATIONAL, RADNOR, 
USA 
Cryostat CryoStar™ NX70 Cryostat Thermo Fisher Scientific, Waltham, USA 
Epoch Spectrophotometer BioTek Instruments Inc., Vinooski, USA 
Electrophoresis chamber 
vertical 
Mini-PROTEAN® Series, for 
western blot 
Bio-Rad, Hercules, USA 
Electrophoresis chamber  
horizontal 
Wide Mini-Sub Cell GT 
Systems, for DNA 




Becton, Dickinson and Company, BD 
Biosciences, San Jose, USA 
Fridge FKUv 1610 Index 
21J/001 
4°C Liebherr, Bulle FR, Switzerland 
Freezer LCv4010eez -20°C Carl Roth, Karlsruhe, Germany 
Freezer LKexv 3910 -4°C Carl Roth, Karlsruhe, Germany 
Freezer HeraFreeze T series 
HFU400TV63 
-80°C Thermo Fisher Scientific, Waltham, USA 
Hybridization oven 6/12 V UniEquip, Martinsried, Germany 
Ice machine AF80  Scotsman, Vernon Hills, USA 
Incubator HERATHERM For bacteria plates and digests Thermo Fisher Scientific, Waltham, USA 
Incubator HERAcell240i CO2 Incubator for cell culture Thermo Fisher Scientific, Waltham, USA 
Incubator HERAcell2 
Midi40 
CO2 Incubator for cell culture Thermo Fisher Scientific, Waltham, USA 
Magnetic rack 24 tubes Bio-Rad, Hercules, USA 
Microscope Axiovert A1  Carl Zeiss, Oberkochen, Germany 
Microscope Axiovert 40 
CFL 
 Carl Zeiss, Oberkochen, Germany 
Microwave 800 W Severin Elektro, Sundern, Germany 
MinION flowcell R9.4.1 FLO-MIN106 Oxford Nanopore Technologies Ltd., UK 
Mini Trans-Blot® Wet/Tank blot transfer system Bio-Rad, Hercules, USA 
NanoDrop 2000 Spectrophotometer Thermo Fisher Scientific, Waltham, USA 
Nitrogen tank Arpege 100  
VWR INTERNATIONAL, RADNOR, 
USA International 
PCR cycler C100 Touch™ 
Thermal Cycler 
 Bio-Rad, Hercules, USA 
Pipettes Research (Plus) 
0.5-2.5 μl, 1-10 μl, 10-100 μl, 
100-1000 μl 
Eppendorf, Hamburg, Germany 
Pipette Multipette® E3 1 µl – 50 ml Eppendorf, Hamburg, Germany 
Pipettor  
Hirschmann Laborgeräte GmbH & Co. KG, 
Eberstadt, Germany 
PowerPac™ Basic Electrophoresis power supply Bio-Rad, Hercules, USA 
qPCR Cycler StepOne Plus Thermo Fisher Scientific, Waltham, USA 
qPCR Cycler Quant Studio 3 Thermo Fisher Scientific, Waltham, USA 
Quantum ST5 Gel documentation system Vilber Lourmat, Marne-la-Vallée, France 
Qubit 2.0 
Qubit 3.0 
Fluorometer Thermo Fisher Scientific, Waltham, USA 
Rotator SB3 Cole-Parmer, Staffordshire, UK 
Safety cabinet Safe 2020 Laminar airflow bench Thermo Fisher Scientific, Waltham, USA 
Scale Kern EW  Kern & Sohn GmbH, Balingen, Germany 
Scanner Epson Perfection V700 Photo Seiko Epson Corporation, Suwa, Japan 
Tapestation 4200 Automated electrophoresis tool Agilent Technologies, Santa Clara, USA 
Trans-Blot Turbo Semi-dry transfer system Bio-Rad, Hercules, USA 
Shaker G24 Environmental 
Incubator 
 
New Brunswick Scientific Co., Inc., 
Enfield, USA 
Shaker innova™ 4300 
incubator 
 
New Brunswick Scientific Co., Inc., 
Enfield, USA 
Shaker KS 4000 I control  
IKA®-Werke GmbH & CO. KG, Staufen, 
Germany 
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Suction pump AC02  Carl Roth, Karlsruhe, Germany 
ThermoMixer C For 1.5 or 2 ml tubes Eppendorf, Hamburg, Germany 
Vi-CELL™ XR 
Automated cell counting 
system 
BeckmanCoulter, Brea, USA 
Vortexer Minishaker MS1  
IKA®-Werke GmbH & CO. KG, Staufen, 
Germany 
Vortexer Reax top  
Heidolph Instruments, Schwabach, 
Germany 
Waterbath GFL 1086  
GFL Gesellschaft für Labortechnik mbH, 
Burgwedel, Germany 
Waterbath WNB 7  
Memmert GmbH & Co. KG, Schwabach, 
Germany 
xCelligence™ 
Real-time cell impedance 
analyzer 
ACEA Biosciences Inc., San Diego, USA 
 
2.11 Software 
Table 16: Software. 
Name Source 
ApE – A plasmid editor v2.0.47 M. Wayne Davis, University of Utah, USA 
Endnote X8 Clarivate Analytics, Philadelphia, USA 
Epson Scan v 5.1.1f2 Seiko Epson Corporation, Suwa, Japan 
FlowJo v10.2 
Becton, Dickinson and Company, BD Biosciences, San Jose, 
USA 
Gen5 v2.04 BioTek Instruments Inc., Vinooski, USA 
GraphPad Prism v7 GraphPad Software Inc., San Diego, USA 
Integrative genome viewer v2.6.3. 
Broad Institute and the Regents of the University of California, 
San Diego, USA 
ImageJ  v1.48 National Institutes of Health, Bethesda, USA 
Microsoft Office 2016 Microsoft Corporation, Redmond, USA 
QuantStudio v1.5.1 Thermo Fisher Scientific, Waltham, USA 
RTCA v1.0.0.0134 ACEA Biosciences Inc., San Diego, USA 
SnapGene v5.0.7 GSL Biotech LLC, Chicago, USA 
StepOne Software v2.3 Thermo Fisher Scientific, Waltham, USA 
Synergyfinder 
(https://synergyfinder.fimm.fi) 
Institute for Molecular Medicine Finland (FIMM), University of 
Helsinki, Finland 
VisionCapt  v16,11a Vilber-Lourmat, Marne-la-Vallée, France 
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3 Methods 
3.1 Animal experiments 
Animals (RRID: MGI:5653040) were purchased from Janvier Labs, France, and housed in a 
pathogen-free animal facility. For xenograft inoculation, 5-20x106 tumor cells were suspended 
in 100 µl MatrigelTM (Corning Life Science, USA) and injected subcutaneous into the right 
flank of 8-week-old female athymic nude mice (NMRI-Foxn1nu/nu). Tumor size was measured 
daily using a caliper and tumor volume was calculated by tumor volume = π/6 (d1 x d2 x d3) 
where d1 is the largest and d3 the smallest tumor diameter. Animals were randomized when 
tumor sizes reached about 150 mm³ (preventive treatment schedule) or 300 mm³ (therapeutic 
treatment schedule). Animals were treated with 7.5-15 mg/kg/d panobinostat or solvent (each 
dissolved in 5% glucose in water) by intraperitoneal injection 5 d/week starting at 
randomization. Special wet food was offered to animals from onset of treatment to counteract 
potential bodyweight loss under treatment. Animal handling and care conformed to national 
and EU regulatory standards in accordance with the “Guidelines for accommodation and care 
of laboratory animals” by the Council of Europe and by the Forschungseinrichtungen für 
Experimentelle Medizin, Charité Universitätsmedizin Berlin. Experiments were approved by 
the local institutional ethics commission for animal experimentation Landesamt für Gesundheit 
und Soziales Berlin. 
Combination therapy experiments were performed by the company EPO (Experimental 
Pharmacology & Oncology, Berlin). In total, 18 x106 CLB-GA cells were suspended in 100 µl 
MatrigelTM (Corning Life Science, USA) and injected subcutaneous into the right flank of 
8-week-old female athymic nude mice (NMRI-Foxn1nu/nu). Tumor size was daily measured 
using a caliper, and tumor volumes were calculated by tumor volume = π/6 (d1 x d2 x d3) where 
d1 was the largest and d3 the smallest tumor diameter. Animals were randomized when tumor 
sizes reached 100 mm³. Animals were treated with 15 mg/kg/d panobinostat or solvent (each 
dissolved in 5% glucose in water) by intraperitoneal injection 5 d/week and/or with 0.5 mg/kg/d 
bortezomib or solvent (0.9% sodium chloride) by intravenous injection 3 d/week starting at 
randomization. Special wet food was offered to animals from onset of treatment to counteract 
potential bodyweight loss under treatment. Animal handling and care conformed to national 
and EU regulatory standards and experiments were approved by Landesamt für Gesundheit und 
Soziales Berlin. 
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3.2 Methods in mammalian cell culture 
3.2.1 Cultivation of cells 
The neuroblastoma cell lines GI-ME-N (RRID: CVCL_1232), CLB-GA (RRID: CVCL_9529), 
BE(2)-C (RRID: CVCL_V006), IMR-5/75 (RRID: CVCL_M473), LAN-6 (DSMZ Cat# ACC-
674, RRID: CVCL_1363) and SK-N-FI (ICLC Cat# HTL97020, RRID: CVCL_1702) 
representing different neuroblastoma risk groups were used in this study. The GI-ME-N and 
LAN-6 cell lines were purchased from the Deutsche Sammlung für Mikroorganismen und 
Zellkulturen (DSMZ, Germany). The CLB-GA, IMR-5/75 and SK-N-FI cell lines were kindly 
provided by Matthias Fischer, Kinderkrankenhaus der Universität Köln, Germany. The 
BE(2)-C cell line was purchased from the European Collection of Authenticated Cell Cultures 
(ECACC, UK). Identity of cell lines was checked at least once a year using the cell 
authentication services of Multiplexion (Germany) or the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ, Germany) applying single nucleotide 
polymorphism (SNP)-typing. GI-ME-N, IMR-5/75 and SK-N-FI cells were cultured in RPMI 
cell culture medium, CLB-GA, LAN-6 and BE(2)-C cells were cultured in DMEM cell culture 
medium cultivated at 37°C in a humidified atmosphere of 5% CO2. Media were supplemented 
with 10% FCS and 1% non-essential amino acids.  For the LAN-6 cells, 20% FCS was added 
to cell culture media. Percentage of FCS supplementation was adjusted to 10% few days prior 
to experimental use of LAN-6 cells. For each count, 10 μl of cell suspension was mixed with 
10 μl trypan blue (0.4%) vital cell stain and a volume of 10 μl of the mixture was applied to a 
Neubauer cell counting chamber. Four quadrants were counted for each cell suspension and 
vital cell number was calculated according to formula: 
 
Number of vital cells per ml = (number of counted cells / 4) * dilution factor 
 
Cell number counts for treatment experiments were performed using the Vi-Cell™ XR cell 
viability analyzer for automated trypan blue stained cell counting (Beckman Coulter, USA). 
 
3.2.2 Infection and contamination control 
Cells were regularly monitored for mycoplasma infection using the HEK-BlueTM-2 
Mycoplasma Sensor Cell-based Plasmo TestTM (Invivogen, USA). Conditioned medium was 
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heated at 100°C for 15 min according to the manufacturers intruction. A volume of 50 µl was 
added to a 96-well plate always including supplied positive and negative controls. The HEK-
Blue™ cell suspension was mixed with prewarmed detection medium and added to a total 
volume of 200µl to each well. The plate was incubated at 37°C and 5% CO2 in an incubator 
overnight. The presence of mycoplasma was detected with the Epoch™ spectrophotometer 
(BioTek, USA) at 620-655 nm. Mycoplasma screenings were performed by Jasmin Wünschel. 
 
3.2.3 Inhibitors 
Panobinostat, vorinostat, entinostat, bufexamac, compound 2, romidepsin, doxorubicin, 
oxaliplatin, temozolomide and I-BET762 were purchased from Selleck Chemicals, USA, and 
Z-VAD (Thermo Fisher Scientific, USA), actinomycin D (Sigma-Aldrich, Germany), 
Santacruzamate A, BIBR1532 and costunolide (Biozol, Germany) were prepared as stock 
solutions in dimethyl sulfoxide (DMSO). A complete list of all used chemicals for this study is 
to be found in section 2.3, Table 4. 
 
3.2.4 Plasmid transfection 
Transient transfection of GI-ME-N cells was performed using the plasmids pBABE-neo for 
empty vector transfection and pBABE-neo-hTERT to obtain high-expressing TERT cells. 
Plasmids were kindly provided by Anton Henssen, Charité Universitätsmedizin Berlin, 
Germany. Cells were seeded 24 h prior to transfection to 10 cm cell culture dishes in 10 ml cell 
culture medium. The transfection was performed using the Effectene® transfection reagent 
(Qiagen, The Netherlands) following the manufacturers protocol. Cell culture medium was 
reduced to 3 ml per 10 cm plate. The transfection mixture was prepared as followed: 200 µl EC 
buffer, 1 µg plasmid DNA and 4 µl Enhancer were mixed and incubated for 5 min at room 
temperature. A volume of 15 µl Effectene® transfection reagent was added and incubated for 
30 min at room temperature. Subsequently, solution was mixed with 1000 µl Opti-MEM™ 
reduced serum medium (Thermo Fisher Scientific, USA) and was added dropwise to cells. After 
24 h incubation, the medium was replaced with 10 ml fresh cell culture medium. Transfection 
efficacy was measured via TERT mRNA expression analysis using qRT-PCR.  
 
3.2.5 Transfection with pooled small interfering RNA 
Transient small interfering (si)RNA-mediated knockdown of HDACs was performed in 
GI-ME-N cells to silence target RNA processing. Cells were seeded 24 h prior to transfection 
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in 10 cm cell culture dishes in 10 ml cell culture medium. The transfection was performed using 
the Lipofectamine™ RNAiMAX transfection reagent (Thermo Fisher Scientific, USA) 
following an optimized manufacturers protocol. Mock and a pooled siRNA negative control 
were included in each experiment. Cell culture medium was reduced to 2 ml per 10 cm plate. 
The transfection mixture was prepared as followed: 20 µl transfection reagent and 980 µl 
Opti-MEM™ reduced serum medium were mixed in a reaction tube. In a separate reaction tube, 
40 µl of pooled siRNA (20 nM) and 960 µl Opti-MEM™ reduced serum medium were mixed. 
Both mixtures were united and incubated for 5 min at room temperature. Subsequently, the 
suspension was added dropwise to cells. After 24 h incubation, the medium was replaced with 
10 ml fresh cell culture medium. RNA expression was measured using quantitative real-time 
polymerase chain reaction (qRT-PCR).  
 
3.2.6 Cell viability assays 
Automated trypan blue cell counting: 
The number of dead cells was quantified using trypan blue staining and automated cell 
counting. Cell viability was quantified using the Vi-CELLTM XR Cell Viability Analyzer 
(Beckman Coulter, USA). Cells were seeded to 6-well plates or 10 cm cell culture dishes (Table 
17). Optional transfection of cells was performed 24 h after seeding according to section 3.2.4. 
After 24 h incubation, cells were treated for 72 h before they were harvested for cell count. To 
harvest the cells, first the supernatant was transferred into a 15 ml Falcon tube, centrifuged for 
4 min at 300 x g and supernatant was removed. The remaining cell pellet was united with the 
adherent cells harvested with 1 ml trypsin (0.05%) and 5 ml medium. The cells were centrifuged 
again, the supernatant was removed and the cell pellet was washed with 3 ml PBS. The 
centrifuged cell pellet was resuspended in 1 ml cell culture medium and cell number was 
measured with the Vi-CELL™ XR for automated cell counting. 
 





10 cm cell culture dish 
GI-ME-N 20,000 150,000 
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Semi-automated medium throughput screening: 
Drug screenings in 2D and 3D cell cultures were performed in a semi-automated system by the 
company CPO (Cellular Phenomics & Oncology, Berlin). For the 2D drug screening, 1,000 
GI-ME-N and 7,500 CLB-GA cells were seeded to each well of a 384-well plate and were 
incubated 24 h before treatment was applied. Read-out was performed after 72 h in a 6-point 
curve using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega, USA). For the 3D 
cell culture model, 1,000 GI-ME-N and 10,000 CLB-GA cells were suspended in Matrigel™ 
and seeded to a 384-well plate. Small organoids were grown in well plates and showed similar 
proliferation as in the 2D models. After several days of pre-culture, treatment was applied for 
72 h and read-out was performed using the CellTiter-Glo® Luminescent Cell Viability Assay. 
Impedance real-time measurements: 
Impedance was measured in panobinostat treated GI-ME-N, LAN-6 and IMR-5/75 cells using 
the real-time cell impedance analyzer xCelligence™ (ACEA Biosciences Inc., USA). Growth 
behavior of adherent cells can be correlated with continuously measured impedance of cell 
culture medium towards a microelectrode sensor. A weak electronic current was applied and 
impedance was measured every 15 min. A number of 10,000 GI-ME-N cells, 15,000 IMR-5/75 
and 60,000 LAN-6 were seeded in 200 µl cell culture medium to 16-well plates and cultured 
for 24 h before treatment was applied for several days. At latest after 72 h, treatment was 
refreshed to ensure stable drug concentration over the time-course. Cell proliferation curves 
were analyzed using the RTCA software 1.0.0.0134. 
 
3.2.7 Colony formation assay 
Anchorage-dependent ability of cancer cells to form colonies from single cell levels is 
considered as one of the hallmarks of cancer and can be quantified with the colony formation 
assay (Menyhárt, 2016). Cells were seeded to 6-well plates in 3 ml medium 24 h before 
treatment. Treatment was applied and cells were incubated for nine days. After incubation, 
supernatant was removed and cells were fixed using 1.5 ml of a 1:1 mixture of ice-cold 
methanol/acetone for 5 min incubation time at room temperature. Wells were carefully washed 
with 2 ml cold PBS. Colonies were stained with 1 ml of a 0.005% crystal violet solution and 
incubated for 30 min. Stain was removed and cells were carefully washed twice with 2 ml 
deionized distilled water. Well plates were scanned on a Epson Perfection V700 Photo scanner 
using the following settings: Doc Type: Film, Film Type: Positive Film, 1200 dpi, 24 bit, TIFF, 
Unsharp Mask. Quantification was done using ImageJ Software v1.48. TIFF files were copied 
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to the mask and converted into 8-bit. A binary image was created and stained colonies were 
counted in each well applying the implemented particle count function. 
 
3.2.8 Metabolic activity assay 
The water-soluble tetrazolium (WST-1) assay (Roche, Switzerland) uses a substrate that will 
be converted by mitochondrial enzymes thereby changing its color. No change in color is 
observed when mitochondrial integrity is altered. The WST-1 assay was used to quantify 
metabolic activity according to manufacturer’s instructions. Cells were seeded to 96-well plates 
and treated with panobinostat or solvent for 72 h. Equivalent amount of WST-1 reagent was 
added to each well and read-out was performed after 1-2 h incubation time at 37°C with 
Epoch™ spectrophotometer (BioTek, USA) at 450 nm and for reference at 650 nm wavelength. 
 
3.2.9 Determination of TERT mRNA half-life 
To determine the half-life and the stability of target mRNA after panobinostat treatment, 
treatments with actinomycin D were performed. Actinomycin D is an agent that inhibits de 
novo RNA synthesis. GI-ME-N cells were seeded to 10 cm plates 24 h before treatment. Solvent 
(DMSO) or 30 nM panobinostat was applied for 2 h and cells were subsequently treated with 
actinomycin D (5 µg/ml). Cells were harvested after 0, 6, 10, 14, 18 and 24 h of combination 
treatment. Levels of mRNA were measured using qRT-PCR analysis. Half-life of mRNA was 
determined via linear regression fit of transformed data using GraphPad Prism (GraphPad 
Software Inc., USA). 
 
3.3 Methods in bacterial culture 
3.3.1 Plasmids 
The TERT over-expressing plasmid pBABE-neo-hTERT (RRID: Addgene_1774) and the 
corresponding empty vector (RRID: Addgene_1767) were deposited by the laboratory of Bob 
Weinberg and kindly provided from Anton Henssen, Charité Universitätsmedizin Berlin, 
Germany and Bob Weinberg (Counter, 1998). The TERT plasmid encoding the full-length 
human TERT cDNA sequence was used and 1 µg DNA was transfected via lipofection (3.2.4). 
The pBABE-neo plasmids contain resistance cassettes against ampicillin in prokaryotes and 
neomycin in eukaryotes. The pBABE-neo-hTERT plasmid was sequenced by Sanger 
sequencing before use (section 3.3.2.12) and was aligned to the reference sequence at the 
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National Center for Biotechnology Information (NCBI). One nucleobase did not match with 
the reference sequence. According to the reference genome, the nucleobase adenine at plasmid 
position 2982 was mutated to guanine (A2982→G). This point mutation was re-mutated by 
overlap-extension PCR and the corrected sequence was re-ligated into the plasmid. All cloning 
experiments were advised by and performed under the supervision of Annika Winkler. 
 
3.3.2 Re-mutation of TERT plasmid 
3.3.2.1 Amplification of TERT region covering mutation site 
To re-mutate the point mutation of the plasmid back into the reference sequence, Overlap 
Extension PCR was applied. Two primers containing the desired reference sequence were 
designed to cover the region of the mutated nucleobase. Each was used with another primer 
containing restriction sites for EcoRI or XhoI to amplify parts of the TERT cDNA, thereby 
generating two fragments of TERT with a sequence-corrected overhang (Figure 17).  
 
 
Figure 17: Overlap extension PCR generates fragment with corrected TERT sequence of the insert. 
Amplification of up- and downstream part around TERT mutation site with correcting primer pair (PCR1 & 
PCR2). Red letter: Mutated nucleobase; green letter: corrected nucleobase. Modified from A. Winkler. 
 
For every PCR reaction, conditions were optimized prior to performing the assay. Each 
condition consisted of six individual reactions which were pooled after amplification (Table 18; 
Table 19). All reagents were added to a microreaction tube, sealed with a cap and loaded onto 
a PCR cycler C100 (BioRad, USA). 
Table 18: PCR 1 mix to amplify TERT region of the plasmid. 
 1x 
Buffer 5x Phusion HF 4 µl 
dNTPs 20 mM (200 µM) 0.2 µl 
Primer TERT Mut rev 100 µM (0.5 µM) 0.1 µl 
Primer EcoRI for 100 µM (0.5 µM) 0.1 µl 
DNA approx. 100 ng 0.5 µl 
DMSO 0.6 µl 
Phusion Polymerase 0.2 µl 






Methods    45 
 
Table 19: PCR 2 mix to amplify TERT region of the plasmid. 
 1x 
Buffer 5xQ5 (1x) 5 µl 
dNTPs 20 mM (200 µM) 0.25 µl 
Primer XhoI rev 100 µM (0.5 µM) 0.125 µl 
Primer TERT Mut for 100 µM (0.5 µM) 0.125 µl 
DNA approx. 100 ng 0.5 µl 
Q5 Polymerase 0.25 µl 
Nuclease-free water ad 25 µl 18.75 µl 
 
Table 20 summarizes the PCR program used for amplification. For the different primer pairs 
from PCR1 and PCR2, two different annealing temperatures were chosen. 
 
Table 20: PCR program applied for PCR 1 and PCR 2 amplification. 
 Temperature Duration Cycles 
 98°C 30 sec 1 







120 sec PCR1 
30 sec PCR2 
 72°C 10min 1 
 
The obtained PCR products were each pooled.  
 
3.3.2.2 PCR purification 
The obtained PCR products were purified using the QIAquick® PCR Purification Kit (Qiagen, 
The Netherlands). Five volumes PB buffer were added to the pooled PCR products and 10 µl 
of 3 M sodium acetate, the samples were mixed and 750 µl were loaded to a QIAquick spin 
column. Samples were centrifuged at 15,871 ×g at room temperature for 1 min. Flow-through 
was discarded. This procedure was repeated until all sample was loaded onto the column. 750 µl 
PE buffer was added to wash the column, followed by centrifugation and removal of flow-
through. To remove residual buffer, columns were again centrifuged for 1 min. The collection 
tube was then replaced with a fresh microcentrifuge tube. To elute the DNA, 44 µl of RNase-
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free water was added to the middle of the column, incubated for 10 min and subsequently 
centrifuged for 2 min to collect the DNA extract. 
 
3.3.2.3 Digestion of DNA fragments 
Before overlap PCR can be performed, purified PCR products were digested with DpnI, to 
degrade residual template plasmid backbone. For that, 5 µl of CutSmart Buffer and 1 µl of DpnI 
enzyme were added to each purified PCR product and incubated overnight at 37°C. The next 
day, DNA products were purified by agarose gel purification. 
 
3.3.2.4 Agarose Gel purification 
To obtain the desired DNA product, a 1% agarose gel was freshly prepared for sample 
separation and purification. A volume of 150 ml TAE buffer was cooked with 1.5 g agarose 
powder. When the gel was cooled down to about 60°C, 200 μl of a 0.05% ethidium bromide 
solution was added. The gel was poured into a cartridge, provided with a polycomb and 
eliminated for air bubbles. After 20 min, the gel was loaded into the electrophoresis chamber 
containing 1x TAE buffer and the polycomb was carefully removed. Samples were mixed with 
loading dye before electrophoresis. A volume of 15 µl DNA ladder (GeneRuler) was used to 
identify fragment sizes. After 90 min of electrophoresis at 100 V, the gel was analysed using a 
UV light source. The fragment of digested PCR1 product is expected at 1.6 kb length, of PCR2 
at 0.4 kb length. The agarose gel containing the fragment of interest was cut out using a scalpel 
and was transferred into a 2 ml microcentrifuge tube for agarose gel extraction. 
 
3.3.2.5 Agarose Gel extraction 
The QIAquick® Gel Extraction Kit (Qiagen, The Netherlands) was applied to extract and purify 
DNA fragments after gel electrophoresis. A volume of 1.2 ml QG buffer was added to the gel 
pieces incubated at 50°C and 600 rpm until the gel was completely dissolved. After that, 400 µl 
isopropanol and 10 µl 3 M sodium acetate were added and the sample was mixed. The mixture 
was loaded onto a QIAquick spin column. Samples were centrifuged at 15,871 ×g at room 
temperature for 1 min. Flow-through was discarded. This procedure was repeated until all 
sample was loaded onto the column. A volume of 750 µl PE buffer was added to wash the 
column, followed by centrifugation and removal of flow-through. To remove residual buffer, 
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columns were centrifuged for 1 min. The collection tube was replaced with a fresh 
microcentrifuge tube. To elute the DNA, 40 µl of RNase-free water was added to the middle of 
the column, incubated for 10 min and subsequently centrifuged for 2 min to collect DNA. The 
DNA concentration was quantified using the NanoDrop™ spectrophotometer (Thermo Fisher 
Scientific, USA). After obtaining purified DNA, the overlap extension PCR was performed to 
generate the full insert for ligation. 
 
3.3.2.6 Overlap extension PCR 
The overlap extension PCR was performed in quadruplicates to achieve a sufficient yield of 
DNA product (Figure 18). 
 
 
Figure 18: Scheme of the overlap extension PCR to create the corrected TERT insert. 
Green letter: corrected nucleobase. Modified from A. Winkler. 
 
All reagents were added to a microreaction tube, sealed with a cap and loaded onto the PCR 
cycler C100 (BioRad, USA) applying the following program (Table 21): 
 
Table 21: PCR 3 mixture to amplify corrected DNA fragment for insertion. 
 1x 
Buffer Phusion HF (1x) 10 µl 
dNTPs 10 mM (0.5 mM) 2 µl 
PCR Product 1 200 ng 1.7 µl 
PCR Product 2 200 ng 1.7 µl 
Phusion Polymerase 0.5 µl 
DMSO 0.8 µl 
Nuclease-free water ad 50 µl 33.5 µl 
Add after prior PCR: 
Primer EcoRI for and XhoI rev 100 µM (0.5 µM) 
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The overlap extension reaction was performed according to the following program (Table 22): 
 
Table 22: PCR program applied for amplification of corrected DNA fragment. 
 Temperature Duration Cycles 
 98°C 2 min 1 
Denaturation 98°C 10 sec 
10 Annealing 65°C 30 sec 
Extension 72°C 5 min 
 72°C 10 min 1 
 
After this prior step, the primers covering restriction sites of EcoRI (forward) and XhoI (revers) 
were added to each reaction mixture. Subsequently, the final PCR was performed following the 
program listed above to generate the full-length fragment for insertion (Table 23): 
 
Table 23: PCR program applied to obtain full-length fragment for insertion. 
 Temperature Duration Cycles 
 98°C 30 sec 1 
Denaturation 98°C 10 sec 
35 Annealing 66°C 30 sec 
Extension 72°C 2.5 min 
 72°C 10 min 1 
 
The PCR product was analyzed via agarose gel electrophoresis (section 3.3.2.4) and purified 
according to section 3.3.2.10 with 40 µl RNase-free water to elute DNA. The obtained PCR 
product was digested with 5 µl Buffer 3 and 2 µl of each restriction enzyme EcoRI and XhoI, 
filled up with RNase-free water to 50 µl total volume. In a second reaction, 10 µl of the mutated 
pBABE-neo-hTERT plasmid was added to 5 µl Buffer 3, 31 µl RNase-free water and 2 µl of 
each restriction enzyme EcoRI and XhoI. The digestion was performed at 37°C overnight. The 
following day, the digested mutated pBABE-neo-hTERT vector was dephosphorylated to avoid 
spontaneous re-circularization of the opened plasmid. For that, the 50 µl digestion mixture was 
added to 6 µl of alkaline phosphatase buffer and 4 μl alkaline phosphatase and incubated at 
37°C for 30 min. The alkaline phosphatase was subsequently heat-inactivated at 72°C for 
10 min. The full-length PCR product and the opened plasmid were purified via agarose gel 
electrophoresis according to section 3.3.2.4. The desired fragment of the full-length fragment 
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is 2.1 kb long and of the opened plasmid 6.6 kb. These bands were cut out with a scalpel and 
purified (section 3.3.2.5). The fragment was inserted into the open plasmid by subsequent 
ligation reaction. The DNA was measured with the NanoDrop™ spectrophotometer (Thermo 
Fisher Scientific, USA). 
 
3.3.2.7 Ligation 
For the ligation reaction, a 1:3 or 1:5 ratio of vector (6.6 kb) to insert (2.1 kb) were chosen. The 
amount of DNA (Insert) was calculated with the formula with n=3 or 5: 
ng (Insert) = ng (Vector) * (bp Insert / bp Vector) * n 
 
The reactions were set up like shown in the table below and incubated at 16°C overnight. Two 
negative controls were included leaving out either the insert or the vector (Table 24). 
 
Table 24: Different ligation reactions applied for ligation of corrected DNA fragment into plasmid. 
 1:3 1:5 W/o Insert W/o Vector 
Insert 7.8 µl 13 µl -- 7.8 µl 
Vector 2 µl 2 µl 2 µl -- 
T4 10x 2 µl 2 µl 2 µl 2 µl 
T4 Ligase 1 µl 1 µl 1 µl 1 µl 
H2O ad 20 µl 7.2 µl 2 µl 15 µl 9.2 µl 
 
The ligation preparation was completely used up for transformation of chemically competent 
E.coli bacteria to obtain the re-mutated pBABE-neo-hTERT plasmid. 
 
3.3.2.8 Chemically competent bacteria  
Plasmid DNA was amplified in chemical competent E. coli X10GOLD cells. To obtain enough 
plasmid DNA for cell transfection experiments, the re-mutated pBABE-neo-hTERT and the 
ready pBABE-neo plasmids were amplified by using E.coli as a host organism. To generate 
competent E.coli, fresh bacteria was taken from frozen glycerol stocks and incubated in 50 ml 
LB- medium supplemented with 10 mM MgCl₂ and 50 μl chloramphenicol (34 µg/ml) 
overnight at 37°C in an agitation shaker at 200 rpm. An aliquot of 500 µl of the culture was 
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taken to inoculate 300 ml LB medium supplemented with 10 mM MgCl₂ and 300 μl 
chloramphenicol (34 µg/ml) at 37°C and 200 rpm agitation for 3 to 4 h until the bacteria culture 
reached an optical density between 0.4 and 0.6 at 600 nm. The culture was aliquoted into six 
precooled 50 ml Falcon tubes and incubated for 15 min on ice. They were subsequently 
centrifuged for 15 min at 867 × g at 4°C in a precooled centrifuge. The supernatant was 
discarded and each pellet was dissolved in 1 ml transformation buffer consisting of 1 g PEG 
3000 dissolved in 8 ml LB medium, 10mM MgCl2, 10mM MgSO4, 0.5 ml DMSO and filled up 
to 10 ml with LB medium. All tubes were pooled and incubated for 30 min on ice. Aliquots of 
200 µl were immediately used for transformation or stored at -80°C. 
 
3.3.2.9 Transformation of chemically competent bacteria 
Chemically competent E.coli were thawn on ice for 30 min (section 3.3.2.8). Either 20 µl 
Ligation mix or 1 µg of plasmid were added to 200 µl of cells. The mix was incubated for 
30 min on ice, than for 90 sec at 42°C in a pre-heated water bath and again cooled for 2 min on 
ice. Subsequently, 800 µl SOC medium was added and cell suspension was incubated at 37°C 
in an agitation shaker at 550 rpm for 1 h. Bacteria were centrifuged at 3,466 x g at room 
temperature and supernatant was discarded, leaving a small volume of supernatant behind. Cells 
were suspended in residual supernatant and all of culture was plated to LB agar plates 
containing 100 µg/ml ampicillin and incubated at 37°C overnight. The following day, clones 
from each condition were picked and incubated in 5 ml LB medium supplemented with 
100 µg/ml ampicillin at 37°C in an agitation shaker at 200 rpm overnight. A replica plate was 
prepared in parallel. The next day, glycerol stocks from the bacterial cultures were prepared by 
taking 500 μl of the bacterial culture and adding them to 500 μl of a 50% glycerol solution and 
subsequent storage at -80°C. Replica plates were sealed with Parafilm and stored at 4°C until 
use. Plasmid DNA was isolated from residual culture using the QIAprep® Spin Miniprep Kit 
(Qiagen, The Netherlands) as described in section 3.3.2.10 and the full insert was analyzed by 
Sanger sequencing (section 3.3.2.12). 
 
3.3.2.10 Plasmid preparation and purification of small DNA amount 
To obtain small amounts of desired plasmid DNA, colonies from the replica plate were picked 
and incubated in 5 ml ampicillin-containing LB medium (3.3.2.9). Cells were pelleted at 
3,466 x g and supernatant was discarded. For DNA isolation and purification, the QIAprep® 
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Spin Miniprep Kit was used. Cells were suspended in 250 µl P1 buffer and transferred to a 
1.5 ml microcentrifuge tube. A volume of 250 µl P2 buffer was added and suspension was 
inverted several times until the solution became clear. Then, 350 µl N3 buffer was added and 
tube was inverted several times for mixing. Tube was centrifuged at 17,900 x g for 10 min. 
Supernatant was loaded onto a purification column and centrifuged at 17,900 x g for 1 min. 
Flow-through was discarded and column was washed using 500 µl PB buffer and tube was 
centrifuged at 17,900 x g for 1 min. Subsequently, 750 µl PE buffer was used for additional 
washing and tube was centrifuged at 17,900 x g for 1 min. After removal of the flow-through, 
column was again centrifuged at 17,900 x g for 1 min to remove residual buffer. The column 
was placed in a clean 1.5 ml microcentrifuge tube. To elute DNA, 50 μl RNase-free water was 
placed to the center of the spin column, incubated for 1 min, and centrifuged for 1 min at 
17,900 x g. DNA concentration was determined using the NanoDrop™ spectrophotometer 
(Thermo Fisher Scientific, USA) and samples were subsequently validated using Sanger 
sequencing (section 3.3.2.12). One positive clone containing the full re-mutated TERT cDNA 
sequence was selected for transfection experiments. Of this clone, plasmid DNA was amplified 
to obtain sufficient amounts of DNA for in vitro experiments. 
 
3.3.2.11 Plasmid preparation and purification of larger DNA amount 
To obtain sufficient amount of plasmid DNA, the selected transformed clone from 3.3.2.10 and 
the empty vector were picked from their replica plates and cultured in 200 ml LB medium 
supplemented with 100 µg/ml ampicillin. Cultures were incubated at 37°C in an agitation 
shaker at 200 rpm overnight. Cells were centrifuged at 2,468 x g at 4°C for 20 min and cell 
pellets were pooled. DNA isolation and purification was performed by using the 
NucleoBond®Xtra Maxi kit (Machery-Nagel, France). Following an optimized protocol based 
on the manufactures instructions, the pellets were resuspended in 24 ml RES buffer and lysed 
by adding 24 ml LYS buffer followed by thoroughly shaking the tubes. An incubation step at 
room temperature for 5 min was performed before adding 24 ml NEU buffer. The solutions 
were mixed until they became clear. The filter columns were equilibrated with 25 ml EQU 
buffer and the cell lysates were loaded onto the columns. After the lysates had passed the filter, 
the residual samples were washed with 15 ml EQU buffer. For the next step, the filters were 
discarded and the columns were washed with 25 ml pre-warmed WASH buffer. The washed 
columns were placed onto a 50 ml Falcon tube and plasmid DNA was eluted with 15 ml pre-
warmed ELU buffer. After the buffer had completely run through, the DNA was precipitated 
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with 10.5 ml isopropanol. DNA was pelleted at 3,466 x g at 4°C for 1 h. The supernatants were 
carefully discarded and the residual cell pellets were washed with 5 ml 70% ethanol. Again, the 
DNA was pelleted at 3,466 x g at 4°C for 1 h. The supernatants were discarded and the pellets 
were air-dried. To resuspend the plasmid DNA, 500 µl RNase-free water was added and mixed 
until DNA was dissolved. The DNA was subsequently stored at -20°C until use. DNA 
concentrations were determined using the NanoDrop™ spectrophotometer (Thermo Fisher 
Scientific, USA) and samples were validated using Sanger sequencing (sections 3.3.2.12). 
 
3.3.2.12 Sanger sequencing of plasmids 
To check for the correct TERT cDNA insert and the empty vector, purified plasmid DNA was 
prepared for Sanger sequencing at GATC/Eurofins. A total volume of 20 µl of plasmid DNA 
(100 ng/µl) and 20 µl of primers (10 pmol/µl) were used for analysis. Results were aligned to 
the TERT reference sequence (NM_198253) and the vector maps (plasmids #1774 for the TERT 
plasmid and #1767 for the empty vector) using the software ApE. The vector maps of pBABE-
neo-hTERT and pBABE-neo are shown in section 2.9.3. 
 
3.4 Methods in molecular biology 
3.4.1 DNA extraction from eukaryotic cells 
Genomic DNA was isolated from eukaryotic cell lines using the QIAamp DNA Mini Kit 
(Qiagen, The Netherlands). Cells were detached from cell culture plates by adding 0.05% 
trypsin. The reaction was quenched with 5 ml medium and cells were centrifuged at 300 x g for 
4 min. The cell pellet was washed with 3 ml phosphate-buffered saline (PBS) and centrifuged 
again, the supernatant was discarded. The cell pellet was resuspended in 200 µl PBS and 
transferred to a 1.5 ml microcentrifuge tube. A volume of 20 µL Proteinase K and 200 µL AL 
buffer were added to the cell pellet, mixed vigorously for 15 sec and incubated at 56°C for 
10 min. Subsequently, 200 µl ethanol p.a. was added and lysate was mixed vigorously. The 
lysate was loaded onto the spin columns placed in a 2 ml collection tube. The samples were 
centrifuged at 6,000 x g at room temperature for 1 min. The collection tube was replaced with 
a fresh microcentrifuge tube. A volume of 500 µl AW1 buffer was added to wash the sample 
and samples were centrifuged at 6,000 x g at room temperature for 1 min. The collection tube 
was replaced with a fresh microcentrifuge tube. 500 µl of AW2 buffer was added to wash the 
sample. The samples were centrifuged at 20,000 x g at room temperature for 3 min. The 
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collection tube was replaced with a fresh microcentrifuge tube and centrifuged again to remove 
residual buffer for 1 min. The spin column was placed into a fresh microcentrifuge tube. To 
elute the DNA, 2x50 µl of RNase-free water was added to the middle of the column, incubated 
for 1 min and subsequently centrifuged for 1 min to collect DNA. The DNA concentration was 
quantified using the NanoDrop™ spectrophotometer (Thermo Fisher Scientific, USA) as 
described in section 3.4.3.1. 
 
3.4.2 RNA extraction 
Total RNA was isolated from cell lines using the RNeasy Mini Kit (Qiagen, The Netherlands) 
and RNA concentrations were measured using the NanoDrop™ system (Thermo Fisher 
Scientific, USA) as described in section 3.4.3.1. RNA from adherent cells was harvested with 
600 µl RLT buffer supplemented with 6 µl β-mercaptoethanol, scraped from cell culture plates 
and stored at -80°C until isolation. If tumor tissue was used, powdered tissue was lysed in 600 µl 
RLT buffer supplemented with 6 µl β-mercaptoethanol and pipetted up and down until roughly 
dissolved. For both sample types, one volume of 70% ethanol was added to each sample, mixed 
by pipetting and 700 µl of lysate was loaded onto the RNeasy spin columns placed in a 2 ml 
collection tube. The samples were centrifuged at 15,871 x g at room temperature for 1 min. 
Flow-through was discarded. This procedure was repeated until all sample was loaded onto the 
column. A volume of 700 µl RW1 buffer was added to wash the column, followed by 
centrifugation and removal of flow-through. Subsequently, 500 µl of RPE buffer were added to 
the columns and they were centrifuged for 1 min. The flow-through was discarded. Another 
500 µl of RPE buffer was added to the columns followed by subsequent centrifugation. To 
remove residual buffer, columns were put into a fresh collection tube and centrifuged for 1 min. 
The collection tube was replaced with a fresh microcentrifuge tube. To elute the DNA, 2x15 µl 
of RNase-free water was added to the middle of the column, incubated for 1 min and 
subsequently centrifuged for 1 min to collect RNA. The RNA concentration was quantified 
using the NanoDrop™ spectrophotometer (Thermo Fisher Scientific, USA) as described in 
section 3.4.3.1.  
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3.4.3 Nucleic acid quantification 
3.4.3.1 Measurement of RNA or DNA concentration with NanoDrop™ 
To determine the RNA or DNA concentration, the absorbance spectrum was measured with the 
NanoDrop™ 2000c spectrophotometer (BioTek). The device was blanked with RNase-free 
water and 1 µl of purified RNA or DNA was taken for analysis and was loaded to the sample 
plate. The NanoDrop™ software calculates nucleic acid concentrations by analyzing the 
absorption spectra at 260 und 280 nm. 
 
3.4.3.2 Measurement of DNA concentration with Qubit™ 
For sensitive measurements of DNA for the ChIP and WGS Sequencing and the methylation 
array, the Qubit® fluorometer (Thermo Fisher Scientific, USA) was applied. The working 
solution was prepared by diluting the Qubit® dsDNA HS Reagent 1:200 in Qubit® dsDNA HS 
Buffer. For the two supplied calibration standards, 190 µl of working solution and 10 µl of 
standard were mixed. For each sample, 199 µl of working solution was mixed with 1 µl of 
sample DNA. Samples were incubated at room temperature for 2 min. Standards were measured 
from 300-1000 nm wavelength and samples at 260 nm. Concentration of samples was 
calculated as followed: 
 
Concentration of sample = Measured value × 200 
 
3.4.4 Reverse transcription 
The First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) was used to transcribe 
complementary DNA (cDNA) from RNA for qRT-PCR analysis. Per reaction, 0.1-1 µg of total 
RNA was diluted with RNase-free water to a total volume of 10 µl, subsequently 1 µl of random 
hexamer primer mix was added. The annealing of primers to RNA was performed at 65°C for 
5 min in a PCR cycler. Next, 4 µl 5x reaction buffer, 1 µl RiboLockTM RNase Inhibitor 
(20 u/µl), 2 µl of 10 mM dNTP Mix and 2 µl of M-MuLV Reverse Transcriptase (20 u/µl) were 
added to each reaction. The cDNA synthesis was performed in accordance to described PCR 
program (Table 25) and complementary DNA was stored at -20°C until use. 
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Table 25: PCR program applied for cDNA synthesis. 
 Temperature Duration 
Incubation 25°C 5 min 
Synthesis 37°C 60 min 
Denaturation 70°C 5 min 
 
3.4.5 Quantitative real-time polymerase chain reaction 
Relative gene expression was measured using SYBR Green Dye (Roche, Switzerland) on a 
StepOne Plus or QuantStudio 3 real-time PCR system (Thermo Fisher Scientific, USA), and 
was normalized to the averaged expression of 18S, HRPT or SDHA (Fischer, 2005). All primers 
used in this study are summarized in Table 11. For quantitative real-time polymerase chain 
reaction (qRT-PCR) analysis, 18 µl of master mix was added to each 96-well. The composition 
of master mixes was adapted to corresponding primer type (Table 26). Complementary DNA 
was diluted 1:10 with RNase-free water and 2 µl of the diluted cDNA was used for analysis. 
 
Table 26: Reaction mixture for qRT-PCR analysis. 
 
Self-designed Primer  
(100 pmol) 1x 
Quantitect Primer (forward & reverse Mix) 1x 
PCR Mix 2x 10 µl 10 µl 
RNase-free H2O 7.84 µl 5.8 µl 
Primer 
Forward: 0.08 µl 
Reverse: 0.08 µl 
2.2 µl 
cDNA 1:10 2 µl 2 µl 
 
The quantitative real-time PCR was performed using the following temperature protocol (Table 
27): 
 
Table 27: PCR program applied for qRT-PCR analysis. 
 Temperature Duration Cycles 
 50°C 2 min 1 
Denaturation 95°C 10 min 1 
Annealing 60°C 1 min 
40 
Extension 95°C 15 sec 
 95°C 15 sec 1 
Melt curve 60-95°C  + 0.3°C increments 
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Data was analyzed using StepOne™ v2.3 or QuantStudio™ v1.5.1 Software (Thermo Fisher 
Scientific, USA). Changes in expression were calculated using the ΔΔCt method for the cell 
culture experiments or the standard curve method for in vivo experiments. Each primer was 
validated before use and tested by using the standard curve method (VanGuilder, 2008). 
 
3.5 Methods in biochemistry 
3.5.1 Telomerase activity assay 
To quantify telomerase activity, the TeloTAGGG™ Telomerase PCR ELISAPLUS Kit (Roche, 
Switzerland) was used according to manufacturer’s instructions. Adherent cells were harvested 
with Versene, counted and 200.000 vital cells were harvested and centrifuged at 3000 x g at 4°C 
for 10 min. Supernatant was completely removed and residual liquid was carefully soaked up 
using Whatman Paper. For tumor samples, punch biopsies of 5 mm diameter were asservated 
and 20 cryosections of 10 µm thickness were used for lysis. Preparation of tumor slices was 
performed by Daniela Tiburtius and Jeannette Mothes using a CryoStar™ NX70 (Thermo 
Fisher Scientific, USA). Cells or cryosections were frozen in liquid nitrogen after collection 
and stored at -80°C until lysis. For lysis, the pellets were kept on ice and were lysed in 200 µl 
ice-cold lysis buffer for 20 min, followed by centrifugation at 16,000 x g at 4°C for 30 min. 
Supernatants were flash-frozen in liquid nitrogen until use. The assay consists of two major 
steps: the telomerase repeated amplification protocol (TRAP) assay followed by hybridization 
and enzyme-linked immunosorbent assay (ELISA) (Figure 19). 
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Figure 19: Assay principle of the TeloTAGGG™ ELISA. 
P: Primer; TS: template synthetic; IS: internal standard; T: template; E: enzyme (HRP). From the manufacturer’s 
instruction handbook (Roche, Switzerland). 
 
For the first step of the protocol, 3 µl of sample lysate or control was used for each TRAP 
reaction. To obtain heat-treated negative controls, solvent treated cell lysates were used and 
exposed to 85°C for 15 min to disintegrate the telomerase enzyme complex. For each TRAP 
reaction, a master mix of 25 µl reaction mixture and 5 µl internal standard solution was 
prepared. A volume of 3 µl of sample or of 1 µl of the supplied positive control (“control high”) 
was added to the master mix and filled up with RNase-free water to 50 µl total volume. The 
telomerase DNA polymerase reaction followed by PCR amplification of products was 
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Table 28: PCR temperature gradient for TeloTAGGG™ ELISA. 
 Temperature Duration Cycles 
Primer elongation 25°C 30 min 1 
Telomerase inactivation 94°C 5 min 1 
Denaturation 94°C 30 sec 
30 Annealing 50°C 30 sec 
Polymerization 72°C 90 sec 
 72°C 10 min 1 
Hold 4°C  infinite 
 
 
A volume of 2.5 µl of PCR product was taken for subsequent denaturation and hybridization. 
For that, 10 µl of denaturation reagent was each pipetted into two separate reaction tubes. A 
volume of 2.5 µl PCR product was added, mixed and incubated for 10 min at room temperature. 
Afterwards, 100 µl supplied sample solution was added to one of the tubes and 100 µl of internal 
standard solution was added to the other tube. These two hybridization mixtures are necessary 
to exclude intra-assay variations of samples after TRAP reaction. For heat-treated negative 
control samples, only one hybridization with sample solution was performed. The samples were 
mixed and incubated at 37°C and 300 rpm for 2 h (step 2). After the hybridization step, samples 
were immobilized to a streptavidin-coated 96-well plate and incubated at 37°C for 1 h (step 3). 
The wells were washed three times with 250µl washing buffer. A solution of 2 µl anti-DIG-
HRP antibody (10 mU/ml) was prepared in 98 µl conjugate dilution buffer and added to each 
well. The mixture was incubated at room temperature on a shaker at 300 rpm for 30 min. After 
incubation, the wells were washed five times with 250µl washing buffer. Prewarmed TMB 
substrate solution was added to each well and incubated at room temperature on a shaker at 
300 rpm for 20 min. When the TMB substrate was converted by peroxidase, wells turned blue 
(step 4). Subsequently, 100 µl stop reagent was added and read-out was performed after 10 min 
incubation at room temperature. Addition of the stop reagent resulted in a color change to 
yellow. Absorbance was detected at 450 nm and for reference at 690 nm wavelength using the 
Epoch™ spectrophotometer (BioTek, USA). Normalization was done according to control high 
template results and compared between the corresponding solvent-treated samples or drug-
treated samples. Samples are to be considered as telomerase-positive if the difference in 
absorbance (ΔA= A450 nm - A690 nm) is higher than the twofold background activity (background 
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activity is the value of negative control or heat-treated sample). Samples were considered 
negative if extinction < 0.25 (A450 nm - A690 nm). The relative telomerase activity (RTA) was 
calculated using the equation: 
 
𝑅𝑇𝐴 =
(𝐴𝑆– 𝐴𝑆, 0)/𝐴𝑆, 𝐼𝑆
(𝐴𝑇𝑆8 − 𝐴𝑇𝑆8,0)/𝐴𝑇𝑆8, 𝐼𝑆
∗ 100 
 
AS: absorbance of sample 
AS,0: absorbance of heat- or RNase-treated sample 
AS,IS: absorbance of Internal Standard (IS) of the sample 
ATS8: absorbance of Control template (TS8) 
ATS8,0: absorbance of Lysis buffer 
ATS8,IS: absorbance of Internal Standard (IS) of the Control template (TS8) 
 
3.5.2 Western blotting 
Preparation of whole cell protein extracts 
Proteins from cell extracts can be analyzed by this antibody-based detection method. Cells were 
harvested with Versene, centrifuged at 300 x g for 4 min and supernatant was completely 
removed. Cell pellets were lysed one ice for 5-10 min in buffer containing 20 mM Tris-HCl, 
7 M urea, 0.01% Triton X-100, 100 mM DTT, 40 mM MgCl2 and cOmplete
® protease inhibitor 
cocktail (Roche, Switzerland). Lysate was centrifuged at 18,000 x g for 1 min, supernatant was 
transferred to a fresh microcentrifuge tube and stored at -80°C until use. 
Protein quantification 
Total protein content of cell extracts were quantified using the colorimetric Bradford assay 
(Roti®-Quant by Carl Roth). The assay is based on the dye Coomassie Brilliant Blue-G250, 
which changes color from brown to blue if basic amino acids are present. Absorption was 
detected at 595 nm wavelength using the Epoch™ spectrophotometer (BioTek, USA) and 
plotted against a bovine serum albumin (BSA) standard curve. 
SDS polyacrylamide gel electrophoresis 
For each sample, 10-15 µg (PARP-1, HDAC1, HDAC2), 25 µg (TERT) or 15-30 μg (CASP-3) 
of protein was mixed with 2x Laemmli buffer to a total volume of 15-20 µl, depending on the 
target protein and gel layout. Samples were denatured for 5 minutes at 100°C in a thermo block 
and were stored at -20°C until further use. The proteins were separated by gel electrophoresis 
on 8% (TERT), 10% (PARP-1, HDAC1, HDAC2) or 15% (CASP-3) sodium dodecyl sulfate 
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(SDS) polyacrylamide gels. A protein ladder (Page Ruler™, Thermo Fisher Scientific, USA) 
was included to determine protein sizes. 
Semi dry blot 
After the electrophoresis, proteins were transferred to a polyvinylidene difluoride (PVDF) 
membrane using the BioRad Trans-Blot® semi-dry system with the following parameters: max. 
1.0 A, 25 V, 30 min. Antibodies used in this study are listed in Table 7. Anti-GAPDH detection 
was measured as loading control. Membranes were blocked for 1 h at room temperature with 
5% powdered milk BST-T blocking buffer followed by incubation with the primary antibodies 
at 4°C overnight in 5% powdered milk PBS buffer. 
Wet blot 
TERT was transferred via wet blot for 90 min at 300 mA in the cold to a polyvinylidene 
difluoride (PVDF) membrane using the BioRad Mini Trans-Blot® system. Membranes were 
blocked for 1 h at room temperature with 3% BSA BST-T blocking buffer followed by 
incubation with the primary antibody at 4°C overnight in 0.3% BSA. 
Detection 
After incubation with the primary antibodies, membranes were washed three times with BST-T 
buffer and subsequently incubated with corresponding peroxidase-conjugated secondary 
antibodies (anti-rabbit IgG or anti-mouse IgG) for 1 h at room temperature. Membranes were 
washed three times with BST-T buffer and chemoluminescence detection was performed using 
Western Lightning Plus-ECL detection solution (Perkin Elmer, USA) and measured on a 
Quantum ST5 imaging system (Vilber Lourmat, France). 
 
3.5.3 Flow cytometry 
Fluorescence activated cell sorting (FACS) analyses were performed on a LSR Fortessa™ X-20 
(BD Biosciences, USA), and data was analyzed using FlowJoTM V10 software (BD 
Biosciences, USA). Cells were harvested with 0.05% trypsin and 5 ml medium and centrifuged 
together with the supernatant at 300 x g for 5 min at 4°C. Supernatant was discarded and cell 
pellets were washed with 2 ml cold PBS, transferred into FACS tubes and centrifuged again. 
Cells were fixed with 70% cold ethanol and incubated for 30 min. Tubes were centrifuged at 
300 x g for 5 min at 4°C, supernatant was discarded and cells were washed with 2 ml ice-cold 
PBS followed by subsequent centrifugation at 300 x g for 5 min at 4°C. Supernatant was 
discarded, 50 µl RNase A solution (100 µg/ml) and 400 µl propidium iodide solution (50 µg/ml) 
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were added and incubated at room temperature for 10 min in the dark. Unstained cells were 
always included as controls for parameter setting.  
 
3.6 Transcriptomic and (epi)genomic analyses 
3.6.1 RNA sequencing 
RNA was isolated from cell cultures or tumor tissues as described in section 3.4.2. Library 
preparation and total RNA sequencing were performed at the DKFZ High Throughput 
Sequencing Core Facility, Germany. Libraries were prepared with the Illumina TruSeq mRNA 
stranded protocol (500 ng input) following the manufacturers’ instructions. Six libraries were 
pooled on one lane Hiseq 4000 and sequenced in 100 paired end mode. This resulted in a 
minimum of 48 million read pairs per library.  
 
3.6.2 ChIP sequencing 
The chromatin immunoprecipitation (ChIP) protocol was modified based on the manufacturers 
ChIP protocol (ChIP Assay Kit, Millipore) and performed as previously described (Lee, 2006). 
Cells were seeded to 15 cm plates to obtain sufficient amount of cells. Five million cells were 
used for each antibody. Cell culture medium was reduced to 10 ml before harvest. All steps to 
harvest the cells were performed by two people in parallel to ensure correct incubation times. 
DNA and proteins were cross-linked using 270 µl of a 37% formaldehyde solution (total: 1% 
formaldehyde per plate) at room temperature, plates were stacked on a shaker and rotated 
horizontally. Cross-linking was stopped after 10 min with 1.25 ml of 1 M glycine (125 mM) 
and incubated on a horizontal shaker for 5 min. Supernatant was removed, cells were put on ice 
and washed three times with 10 ml of cold PBS to remove residual reagent. Afterwards, 2 ml 
PBS solution containing cOmplete® protease inhibitor (Roche, Switzerland) was added to each 
plate. Cells were scraped from plates and lysed for 1 h at 4°C with ChIP lysis buffer containing 
50 mM Tris-HCl, pH 8.1, 1% SDS, 10 mM EDTA and cOmplete® protease inhibitor cocktail 
to achieve a concentration of 35 Mio cells in 1750 µl lysis buffer per condition. 
DNA was fragmented using the Covaris S220 ultra sonicator to obtain fragments of 200–800 bp 
DNA. Using 2 ml Adaptive Focused Acoustics (AFA) tubes, an optimized program was applied 
for sonification at 4-8°C: Duty Factor: 5; PIP: 140; 200 Burst/cycle; Permanent sonification; 
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46 cycles (~23 min), run the program twice (~46 min). DNA fragments were analyzed on a 
1.5% agarose gel as described in section 3.3.2.4. 
Protein A coupled magnetic beads (SureBeads™, BioRad, USA) were used for sample 
enrichment and purification. In between, 100 µg beads per immunoprecipitation (IP) were 
washed three times with ChIP dilution buffer. Supernatant was discarded. Sheared DNA 
samples were centrifuged at 18,000 x g at 4°C for 10 min. Sheared DNA was diluted 1:10 with 
ChIP dilution buffer. The input samples (1%) were taken from that solution and frozen at -20°C 
until use. The diluted DNA was added to the washed beads and incubated on a rotator at 4°C 
for 1 h. After pre-clearing of cell lysates, the beads were immobilized and supernatants were 
transferred to fresh microcentrifuge tubes. A total amount of 1 µg of each antibody was used 
per million cells for pull-down overnight at 4°C on a rotator. The antibodies used for ChIP 
sequencing listed in Table 7 were successfully used by other laboratories and were not further 
validated. 
The next day, 100 µl of fresh beads were washed and prepared for each sample. The 
immunoprecipitated DNA lysates were added to the beads and incubated on a rotator at 4°C for 
1 h. After incubation, the beads were immobilized using a magnetic rack and were subsequently 
washed with 1 ml low salt buffer, 1 ml high salt buffer, 1 ml LiCl buffer and 2x 1 ml TE-buffer. 
Elution of chromatin from magnetic beads was performed by adding 2x 250 µl of elution buffer 
to each sample at each incubation step on a rotator for 15 min at room temperature. Magnetic 
beads were immobilized and supernatant was transferred to a fresh microcentrifuge tube. De-
crosslinking of the DNA-protein complexes was achieved by adding 5 M NaCl to eluates and 
incubated overnight at 65°C. Input controls were thawn and 5 M NaCl was added. 
The next day, proteins were digested using a mixture of 0.5 M EDTA, Tris-HCl pH=6.6 and 
10 mg/ml proteinase K (20 mg/ml) at 45°C for 1 h. DNA was isolated with the QIAamp DNA 
Purification Kit (Qiagen, The Netherlands) as described in section 3.4.1 and quantified using 
the Qubit™ fluorometer (Thermo Fisher Scientific, USA) as described in section 3.4.3.2. 
Immunoprecipitated DNA was analyzed by qRT-PCR using primers at MIR183 and GRHL-1 
locus as positive controls (Table 13). 
To ensure high quality of samples, only samples that showed reduced TERT mRNA levels after 
panobinostat treatment and additionally an enrichment (in active chromatin marks) or decrease 
(in repressive chromatin marks) at MIR183 and GRHL1 were included for sequencing. 
Corresponding solvent (DMSO) treated samples and input controls completed the sample set. 
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For most of the samples, it was possible to sequence technical replicates. Library preparation 
and sequencing were performed at the DKFZ High Throughput Sequencing Core Facility, 
Germany. Libraries were prepared with the NEBNext® ChIP-Seq Library Prep Reagent Set for 
Illumina (10 ng input) following the manufacturers’ instructions. A size selection step for 
fragments of 300 bp length was performed after library preparation. Pools of six to seven 
libraries were sequenced on one lane HiSeq 4000 in 50 single read mode.  
 
3.6.3 Methylation array 
To investigate the methylation status of the rearranged TERT region, methylation profiling 
analysis was performed. Adherent cells were harvested with 0.05% trypsin and centrifuged at 
300 x g for 4 min. Supernatant was removed, cell pellet was washed with 2 ml PBS and 
centrifuged again. Supernatant was removed and DNA was isolated using the QIAamp DNA 
Purification Kit (Qiagen, The Netherlands) as described in section 3.4.1 and DNA was 
quantified using the Qubit™ fluorometer (Thermo Fisher Scientific, USA) as described in 
section 1.4.4. Methylation array was performed at the DKFZ Genomics and Proteomics Core 
Facility, Germany. A total amount of 350-500 ng genomic DNA from each sample was bisulfite 
converted using the EZ-96 DNA Methylation Kit (Zymo Research Corporation, USA) 
according to the manufacturer’s recommendation. Bisulfite converted DNA was amplified, 
fragmented and hybridized to Illumina Infinium Human MethylationEPIC BeadChip using 
standard Illumina protocol. Microarrays were scanned using the Illumina iScan-Scanner 
according to "Standard Illumina Scanning Protocol".      
 
3.6.4 Nanopore sequencing 
To identify the breakpoint and fusion partner in GI-ME-N cells, DNA sequencing using the 
Nanopore platform was performed to obtain the exact sequence of the TERT region. Sample 
preparation and Nanopore sequencing were performed by Rocío Chamorro González at the 
Experimental and Clinical Research Center (ECRC), Berlin. High molecular weight DNA was 
extracted using the MagAttract HMW DNA Kit (Qiagen, The Netherlands). DNA content was 
measured with a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, USA) and sample quality 
control was performed using a 4200 TapeStation System (Agilent Technologies, USA). 
Libraries were prepared using the Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore 
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Technologies Ltd., UK) and sequenced on a R9.4.1 MinION flowcell (FLO-MIN106, Oxford 
Nanopore Technologies Ltd., UK). 
Data analysis was performed by Kerstin Haase and Konstantin Helmsauer at the Experimental 
and Clinical Research Center (ECRC), Berlin. Raw data was basecalled using Guppy 2.3.7 
(Oxford Nanopore Technologies Ltd., UK) with default parameters. Adapters were trimmed 
using qcat 1.0.1 (Oxford Nanopore Technologies Ltd., UK). Quality control was performed 
using NanoPlot 1.0.0 (De Coster, 2018). Reads were aligned to hg19 using minimap2 2.16-r922 
(Li, 2018) with default parameters. Individual split reads in the TERT promotor region were 
identified manually and supplementary alignments inspected, focusing on alignments to 
chromosome 19, taking evidence for a TERT-chr19-fusion from 4C-seq and FISH into account 
(Gartlgruber, 2018). Mappings were lifted over to hg38 using CrossMap v0.4.1 for 
visualization. 
To sustain the analysis of the DNA breakpoint in the TERT genomic region, published targeted 
sequencing data (Peifer, 2015) was quality controlled (FASTQC 0.11.8) and adapters were 
trimmed (BBMap 38.58). Reads were aligned to hg19 using BWA-MEM 0.7.15 (Li, 2009) with 
default parameters and duplicate reads were removed (Picard 2.20.4). Coverage tracks were 
generated using bamCoverage (bin size 20bp, normalization using counts per million) from 
Deeptools 3.3.0. Copy number alterations were called using Control-FREEC 11.4 (Boeva, 
2012) with default parameters. Structural variants were called using SvABA 1.1.1 (Wala, 2018) 
in germline mode (discarding regions blacklisted in 
https://data.broadinstitute.org/snowman/svaba_exclusions.bed). Unfiltered SvABA calls were 
inspected for breakpoints involving the TERT promotor region. 
 
3.6.5 Data deposition 
Chromatin immunoprecipitation sequencing and methylation profiling data are available at 
NCBI's Gene Expression Omnibus (Edgar, 2002) under the accession number GSE155707. 
Whole-genome sequencing data have been deposited at NCBI's Sequence Read Archive under 
the accession number SRR12476600. 
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3.7 Statistical analyses 
Data was illustrated and analyzed using the GraphPad Prism software package (version 7) from 
GraphPad Software Inc., USA, unless stated otherwise. P-values ≤0.05 were considered 
significant. 
 
3.7.1 Cell culture experiments 
In vitro experiments were performed in at least three independent biological replicates unless 
indicated otherwise. Relative values were compared to the control used for normalization 
applying the one-sample t-test. Relative values compared to each other and absolute values 
were analyzed using unpaired two-tailed t-test. RNA stability experiments were analyzed using 
linear regression of log2 transformed expression values, which were normalized to the initial 
expression. 
 
3.7.2 Animal experiments 
In vivo effects of panobinostat treatment on mRNA expression and telomerase activity were 
analyzed using unpaired two-tailed t-test. Growth curves were quantified using area under the 
curve analysis. Kaplan-Meier survival curves were analyzed via Mantel-Cox test. 
 
 
3.7.3 Transcriptomic and epigenomic analyses 
3.7.3.1 RNA sequencing 
Data analysis was performed at the Core Unit Bioinformatics (CUBI) at the Berlin Institute of 
Health (BIH), Berlin by Benedikt Obermayer. Reads were mapped with STAR (v2.6.1) (Dobin, 
2012) to the hg38 genome and quantified using featureCounts (v1.6.3; Liao, 2013) with the 
Gencode v25 reference. Differential expression analysis was performed using DESeq2 
(v1.18.1, Love, 2014) testing for treatment effects in the two cohorts separately. GO term 
enrichment was performed using topGO (v2.30.1) and GAGE (v2.28.2, Luo, 2009) was used 
with gene sets taken from MSigDB (Liberzon, 2015) for additional gene set enrichment. 
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3.7.3.2 ChIP Sequencing 
Data analysis was performed at the Core Unit Bioinformatics (CUBI) at the Berlin Institute of 
Health (BIH), Berlin by January Weiner. Reads were aligned using the R package Rsubread 
(Liao, 2019) to the GRCh38 genome assembly and filtered for properly paired reads. Alignment 
coverage was calculated with the bamCoverage program from the deepTools package (Ramirez, 
2014). ChIPQC (Carroll, 2014) was used for quality control. DiffBind was applied separately 
to each of the probes with the parameter minOverlap=2. Peak annotation was done with 
ChIPseeker. The annotatePeak function from the ChIPseeker package was used (Yu). The 
function assigns peaks to genes only based on their respective location on the genome (e.g., 
intergenic region, transcriptional start site, TSS, region, promoter etc.). The TSS region was 
defined as 3 kb up- and downstream from the TSS. Differential occupancy analysis (DOA) was 
performed using the DESeq2 package. In the separate analysis, DiffBind was used to select 
identified peaks for each probe separately. In a DESeq2 analysis for a given probe, only peaks 
relevant for that probe were taken into account. For histone mark H3K4me1 only one sample 
per experimental group was obtained, and thus no direct comparison could be made. For 
alignment visualization and peak inspection, the program Integrative genome Viewer was used 
(Thorvaldsdottir, 2013). For the results and visualization of peaks in the rearranged TERT 
region, reads of the TERT region and of the rearrangement region on chromosome 19 were 
combined. Coverage was calculated with bamCoverage. Data was scaled to the maximum value 
in the whole region. 
 
3.7.3.3 Methylation array 
Data analysis was performed at the Core Unit Bioinformatics (CUBI) at the Berlin Institute of 
Health (BIH), Berlin by January Weiner. Illumina data files were read and processed using the 
minfi R package (Aryee, 2014). The arrays were normalized using the quantile algorithm 
(Touleimat, 2012). Probes with detection p-values above 0.01 as well as probes known to be 
unreliable due to cross-reactivity or containing variants (Pidsley, 2016) were removed (in total, 
44916 probes were removed). The IlluminaHumanMethylationEPICanno.ilm10b4.hg19 
R package (Hansen, 2017) was used for probe annotation. Probe-wise differential methylation 
analysis was done using the limma R package (Smyth, 2005) using the M-values, while beta-
values were used for visualization (Du, 2010). For prediction of differentially methylated 
regions, the package DMRcate (Peters, 2015) was used.     
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3.7.4 Synergy analysis 
Data obtained from cell viability assays including concentrations and phenotypic response is 
calculated as mean of four replicates and loaded into a defined online mask 
(https://synergyfinder.fimm.fi/). As phenotypic response, the parameter “Inhibition” was 
selected and the Bliss model was chosen for overall synergy calculation as the deviation of 
phenotypic responses compared to the expected values, averaged over the full dose–response 
matrix. The average synergy score is displayed and individual synergy score at each dose 
combination can be displayed by hovering the mouse across the 3D plot in the online 
application (Ianevski, 2017). 
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4 Results 
4.1 Histone deacetylase inhibition suppresses TERT transcript 
levels and telomerase activity in TERT-driven neuroblastoma 
cells 
Histone deacetylase inhibitors (HDACi) induce epigenetic modifications and show antitumoral 
efficacy towards neuroblastoma cells (Deubzer, 2008; Lodrini, 2013; Muhlethaler-Mottet, 
2008; Oehme, 2009b). A novel subgroup of high-risk neuroblastoma patients were identified to 
harbor rearrangements of the telomerase reverse transcriptase (TERT) gene, correlating with a 
malignant phenotype and poor prognosis (Ackermann, 2018; Peifer, 2015; Valentijn, 2015). 
Therefore, treatment of TERT-rearranged neuroblastoma with HDACi was investigated in 
models of high-risk neuroblastoma. 
 
4.1.1 Histone deacetylase inhibition suppresses TERT transcript levels in 
TERT-driven neuroblastoma cells 
Treatment of TERT-rearranged cell line with HDACi provides a promising strategy to target 
TERT. To investigate the epigenetic approach to use HDAC inhibitors for the treatment of high-
risk TERT-rearranged neuroblastoma, two high-risk neuroblastoma cell lines GI-ME-N and 
CLB-GA were used. Both cell lines show high TERT-expression and telomerase activity as 
result of the genomic rearrangement (Peifer, 2015; Valentijn, 2015). These are the only 
confirmed TERT-rearranged, not MYCN-amplified neuroblastoma cell lines. GI-ME-N cells 
harbor six copies of TERT: two of chromosome 5 derivatives, two of a derivative chromosome 
6 and two of a derivative chromosome 16. CLB-GA owns three copies of TERT: two of different 
chromosome 5 derivatives and one of a derivative chromosome 20 (Gartlgruber, 2018). 
GI-ME-N and CLB-GA cell lines were treated with the pan-HDACi panobinostat (Khan, 
2008a) and TERT mRNA expression was analyzed after treatment by qRT-PCR. Treatment was 
applied for 0-120 h to analyze the kinetic of TERT expression after treatment and CLB-GA cells 
were treated with 15 nM panobinostat and GI-ME-N cells were treated with 30 nM 
panobinostat. The lower concentration used for CLB-GA was chosen since treatment with 
higher concentrations of panobinostat impeded the analysis due to few remaining adherent cells 
after treatment. Both applied concentrations lie in the spectrum of clinically relevant patient 
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plasma concentrations of about 5 ng/ml (Rathkopf, 2010a). This patient plasma concentration 
corresponds to 15 nM panobinostat as applied in the cell culture models.  
 
Figure 20: TERT mRNA expression is decreased after panobinostat treatment.  
Kinetic of TERT mRNA expression in GI-ME-N (30 nM panobinostat) and CLB-GA (15 nM panobinostat) cells 
after 2-120 h treatment. TERT expression was analyzed by qRT-PCR (mean fold change over solvent ± SD; n≥3). 
The first significant data point is marked with an asterix, all subsequent time points show significantly reduced 
TERT levels with p ≤ 0.001-0.05, *P≤0.05, ***P≤0.001. 
 
Due to the strong cell death induction of panobinostat treatment, RNA expression in CLB-GA 
cells treated for longer than 48 h could not be analyzed. RNA expression analysis revealed that 
TERT mRNA levels were significantly decreased after 2 h of treatment to 89% in GI-ME-N 
and after 4 h to 78% in CLB-GA cells and RNA levels further declined under treatment (Figure 
20). After 120 h treatment, TERT mRNA expression was reduced to 16% in GI-ME-N cells and 
after 48 h treatment to 30% in CLB-GA cells. Panobinostat showed to be a potent HDACi, 
reducing TERT levels to less than 50% after about 15 h of treatment at low nanomolar 
concentrations (Figure 20). 
To investigate whether the repression of TERT is a common effect of HDAC inhibition, and to 
narrow down the HDACs involved in the regulation of TERT, different pan-HDAC and specific 
HDAC inhibitors were selected for treatment. Valproic acid (VPA), vorinostat (SAHA) and 
entinostat (MS-275) inhibit all classical eleven HDACs (Khan, 2008a). Mocetinostat inhibits 
HDACs 1, 2, 3 and 11 (Boumber, 2011), romidepsin HDACs 1 and 2 (Furumai, 2002), 
Santacruzamate A HDAC2 (Pavlik, 2013), bufexamac HDACs 6 and 10 (Bantscheff, 2011) and 
compound 2 selectively inhibits HDAC8 (Krennhrubec, 2007).  
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Figure 21: TERT mRNA expression is reduced by HDACi treatment. 
A, GI-ME-N and (B) CLB-GA cells were treated for 48 h with valproic acid (VPA) (1, 2 mM), vorinostat (0.5, 1, 
2 µM), entinostat (0.25, 0.5 µM), mocetinostat (0.1, 0.25, 0.5, 0.75, 1 µM), romidepsin (3 nM), Santacruzamate A 
(1 nM), bufexamac (30 µM) or compound 2 (20 µM). TERT expression was analyzed by qRT-PCR (mean fold 
change over solvent ± SD; n≥2). Dotted lines indicate control value. *P≤0.05, **P≤0.01, ***P≤0.001, n.s.: not 
significant. 
 
TERT mRNA expression was reduced to 13-60% in GI-ME-N and to 49-86% in CLB-GA after 
HDACi treatment with VPA, vorinostat, entinostat, mocetinostat, romidepsin and 
Santacruzamate A (Figure 21 A and B). HDAC inhibitors bufexamac and compound 2 merely 
affected TERT mRNA levels. Moreover, the inhibitors specifically targeting HDAC1 and 
HDAC2 such as mocetinostat, romidepsin and Santacruzamate A downregulate TERT 
expression at low nanomolar concentrations (Figure 21 A, B). Together, the repression of TERT 
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treatment, and is mediated by clinically approved HDAC1 and HDAC2 inhibitors such as 
vorinostat, romidepsin and panobinostat. 
 
4.1.2 Histone deacetylase inhibition suppresses telomerase activity in TERT-
driven neuroblastoma cells 
Reduced TERT mRNA levels may translate into less activity of the telomerase holoenzymatic 
complex. To assess whether treatment with HDACi results in reduced activity of telomerase, a 
PCR-based ELISA was used to quantify telomerase activity. Panobinostat or mocetinostat 
treatment was applied to GI-ME-N cells for 96-144 h and to CLB-GA cells for 24-72 h. HDACi 
treatment suppresses telomerase activity in MYCN-amplified cell lines, where MYCN regulates 
the expression of its downstream target TERT (Deubzer, 2008; Shahbazi, 2016). To compare 
telomerase levels after HDACi treatment in TERT-rearranged and in MYCN-amplified 
neuroblastoma cell lines, the MYCN-amplified cell lines BE(2)-C and IMR-5/75 were included 
in the panel and treated with 15 nM panobinostat for 48 h. The non MYCN-amplified, not TERT-
rearranged cell line LAN-6 has little telomerase activity and served as a control. 
   
Figure 22: Telomerase activity is decreased after HDACi treatment.  
Cell lines were treated with mocetinostat or panobinostat, LAN-6 cells were harvested untreated and normalized 
to internal control. Telomerase activity was measured by ELISA (mean % over solvent/internal control ± SD; 
n≥3). Dotted line indicates control value. *P≤0.05, **P≤0.01, ***P≤0.001. 
 
Panobinostat treatment resulted in a 2-fold reduction of telomerase activity in GI-ME-N and 
CLB-GA cell lines after several days of treatment (Figure 22). Mocetinostat reduced telomerase 
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in BE(2)-C was reduced to 38% and to 41% in IMR-5/75 cell lines (Figure 22). Untreated 
LAN-6 cells showed a low level of 4% telomerase activity (Figure 22). These data show that 
HDAC inhibition induces a decrease of telomerase activity in TERT-rearranged neuroblastoma 
cells, and that the repression of telomerase activity after HDACi treatment was similar in the 
MYCN-amplified cell lines BE(2)-C and IMR-5/75, where MYCN regulates the expression of 
its downstream target TERT. 
 
4.1.3 Enforced TERT expression partially rescues the anti-proliferative 
effect of HDAC inhibition 
HDAC inhibitor treatment results in strong antitumoral effects across cancer entities including 
neuroblastoma (Lodrini, 2013; Fabian, 2014). To investigate the phenotypic consequences of 
TERT repression by HDAC inhibition on neuroblastoma cells, a rescue experiment in GI-ME-N 
cells was performed using a TERT plasmid and its respective empty vector control. The plasmid 
used to transiently enforce TERT expression harbored a point mutation in the coding sequence. 
The nucleobase adenine at plasmid position 2982 was mutated to guanine (A2982→G). To 
exclude possible effects of this point mutation, the sequence was re-mutated back to the 
reference sequence (section 3.3.2). After successful cloning, the plasmid and the corresponding 
empty vector (pBABE-neo) were used for transfection. Efficacy of the plasmid was tested by 
analysis of TERT mRNA expression and telomerase activity in untreated GI-ME-N and 
CLB-GA cells (section 6.2.2). For subsequent transfection experiments, the treatment period of 
72 h after transfection was used to ensure high TERT levels and telomerase activity in 
transfected cells throughout the experiment (section 6.2.2). Three different HDACi were used 
for treatment to investigate the effect of this substance class on transfected neuroblastoma cells. 
Since HDAC inhibitors have a severe impact on divert pathways and show strong antitumoral 
effects at clinically relevant concentrations, the inhibitor concentrations were decreased to 
reduce unspecific effects of the treatment. GI-ME-N cells were transfected with the TERT 
expressing plasmid, and 24 h post transfection the cells were treated for 72 h with HDAC 
inhibitors panobinostat, entinostat or mocetinostat, all targeting class I HDACs. Empty vector 
transfected cells were used as control. Cell viability was measured by automated trypan blue 
stained cell counting (Figure 23, upper panel). To control transfection efficacy in transfected 
and treated cells, TERT mRNA levels were measured by qRT-PCR. 
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Figure 23: Enforced TERT expression partially rescues HDACi induces antitumoral phenotype. 
GI-ME-N cells were transfected with either empty vector or TERT plasmid. Cells were treated for 72 h with 
panobinostat, entinostat or mocetinostat. (A) Viable cell numbers by semi-automated trypan blue staining (mean % 
over solvent ± SD; n≥3) and (B) TERT mRNA expression analyzed by qRT-PCR (mean fold change over solvent 
± SD; n≥3). ***P≤0.001, n.s.: not significant. 
 
Panobinostat treatment reduced cell viability to 43% in empty vector transfected cells and this 
reduction in cell viability was rescued to 55% after enforced TERT expression (Figure 23, lower 
panel). Treatment with entinostat decreased cell viability to 45%, which was rescued to 64% 
after enforced TERT expression. Mocetinostat treatment resulted in a decrease of cell viability 
to 49% in empty vector transfected cells and increased to 67% in cells transfected with the 
TERT plasmid. TERT mRNA transcript levels induced by plasmid transfection were not 
changed by HDACi treatment. These experiments demonstrate that enforced TERT expression 
partially rescued the HDACi induced antitumoral phenotype and increased cell viability under 
HDACi treatment. This observation stresses the importance of TERT expression in GI-ME-N 
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4.2 HDAC1 and HDAC2 inhibition mediates TERT repression 
Treatment with pan-HDAC inhibitors panobinostat, valproic acid and vorinostat results in 
downregulation of TERT expression. The specific class I HDAC inhibitor mocetinostat, the 
HDAC1 and HDAC2 specific inhibitor romidepsin and the specific HDAC2 inhibitor 
Santacruzamate A showed repressive effects on TERT levels. To investigate the role of HDAC1 
and HDAC2 in the regulation of TERT, transient knockdown of HDAC1 and HDAC2 using 
pooled small interfering RNA (siRNA) was performed in GI-ME-N cells. Commercially 
available siRNA pools of 30 optimally designed siRNAs were used for each target. Transfection 
with mock or negative control (NC) siRNA were included. Expression measured by qRT-PCR 
and western blot analysis were performed 72 h post transfection. 
    
Figure 24: Knockdown of HDAC1 and HDAC2 results in reduction of TERT mRNA levels. 
Analysis of TERT and HDAC expression in GI-ME-N cells after transfection with pooled siRNA or controls and 
western blot analysis of HDAC1 and HDAC2. A, Expression was analyzed 72 h after transfection with siRNA by 
qRT-PCR (mean fold change over mock control ± SD; n≥4). B, Representative western blot analysis of GI-ME-N 
cells 72 h after transfection with siRNA (20 nM) (lanes 3-4) or controls (lanes 1-2). GAPDH served as a loading 
control. NC: Negative control. **P≤0.01, ***P≤0.001. 
 
Knockdown with pooled siRNAs resulted in knockdown efficacies of 95% for HDAC1 and of 
92% for HDAC2 after 72 h (Figure 24 A, right panels). Western blot analysis of HDAC1 and 
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HDAC2 after transfection with siRNA revealed reduction of protein levels after targeted 
knockdown after 72 h (Figure 24 B). RNA expression analysis revealed that TERT mRNA 
levels were significantly decreased after knockdown of HDAC1 to 72% and of HDAC2 to 71% 
after 72 h (Figure 24 A, left panel). In conclusion, this data shows that inhibition of HDAC1 
and HDAC2 mediates the repression of TERT mRNA in TERT-rearranged neuroblastoma cells. 
 
4.3 Influence of conventional chemotherapeutics and targeted 
drugs on telomerase activity in TERT-driven neuroblastoma 
cells 
4.3.1 Chemotherapeutics or targeted drugs do not repress telomerase 
To investigate whether standard-of-care or targeted drugs reduce TERT expression or 
telomerase activity, a panel of chemotherapeutic or targeted agents for treatment of TERT-
rearranged neuroblastoma cell lines was analyzed. Topoisomerase II inhibitor doxorubicin 
(DOX), DNA-binding agent oxaliplatin, and the alkylating agent temozolomide (TMZ) were 
selected as representatives for chemotherapeutic or targeted agents used in neuroblastoma 
therapy. Temozolomide is used in the study protocol RIST-rNB-2011 for treatment of high-risk 
neuroblastoma patients (NCT01467986, NIH, 2020). Doxorubicin is used in N6 cycle and cis-
platin is used in N5 cycle of the NB2004 trial protocol for treatment of medium risk and high-
risk groups (Figure 4) (NCT03042429, NIH, 2020). As alternative for cis-platin, the platin-
based drug oxaliplatin was used instead since it reacts less with DMSO, which is used as 
dissolvent in the in vitro experiments in this study (Hall, 2014). I-BET762 was chosen as 
representative of bromodomain and extra-terminal motif (BET) inhibitors, which showed 
promising effects in MYCN-amplified neuroblastoma and are being investigated in preclinical 
models of pediatric cancer (Wyce, 2013). BETi indirectly downregulate MYCN levels, resulting 
in less expression of its downstream target TERT. Treatment of GI-ME-N and CLB-GA cells 
was performed for 48 h at clinically relevant concentrations. Since doxorubicin and oxaliplatin 
have a strong antitumoral effect on the CLB-GA cell line, lower concentrations were used for 
treatment. TERT expression and telomerase activity were quantified by qRT-PCR and 
telomerase activity assay after treatment.  
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Figure 25: Telomerase activity is not decreased by treatment with chemotherapeutic or targeted agents.  
GI-ME-N and CLB-GA cells were treated for 48 h with doxorubicin (DOX), oxaliplatin, temozolomide (TMZ) or 
I-BET762. A, TERT mRNA expression analysis after 48 h and (B) telomerase activity assay after 96 h (GI-ME-N) 
and 24 h (CLB-GA). TERT expression was analyzed by qRT-PCR (mean fold change over solvent ± SD; n≥3) and 
telomerase activity was measured by ELISA (mean % over solvent ± SD; n≥3). Dotted lines indicate control value. 
**P≤0.01, n.s.: not significant. 
 
Treatment of GI-ME-N cells with doxorubicin resulted in decreased TERT levels to 26% 
(Figure 25 A). None of the other treatments with standard therapeutics or targeted drugs tested 
resulted in a significant downregulation of TERT mRNA. These drugs might still have an 
impact on telomerase activity. Subsequently, telomerase activity was assessed after treatment 
with doxorubicin, oxaliplatin, temozolomide or I-BET762 in GI-ME-N (96 h) and CLB-GA 
(24 h) cells. Telomerase activity was not reduced in GI-ME-N and CLB-GA cells by treatment 
with these compounds (Figure 25 B), showing that none of the drugs tested changed telomerase 
activity in TERT-rearranged neuroblastoma cell lines. To summarize, the tested clinically 
relevant therapeutics do not reduce telomerase activity as achieved by HDACi treatment with 
panobinostat. 
 
4.3.2 Panobinostat and telomerase inhibitor treatment reduces cell viability 
of TERT-rearranged cell lines 
Enforced expression of TERT increased cell viability and partially rescued the antitumoral 
phenotype after HDAC inhibitor treatment. To compare the antitumoral effect of panobinostat 
with specific telomerase inhibitors, cell viability after treatment was assessed. There are no 
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in vitro inhibitors that directly target telomerase, BIBR1532 and costunolide were used for the 
analyses. GI-ME-N and CLB-GA cells were treated with BIBR1532, costunolide or 
panobinostat for 72 h. The number of dead cells was quantified using trypan blue staining and 
automated cell counting. 
 
Figure 26: Cell viability decreases after telomerase inhibitor or panobinostat treatment in GI-ME-N and 
CLB-GA cells.  
GI-ME-N or CLB-GA cells were treated for 72 h with BIBR1532 (5, 10, 25, 50, 100 µM), costunolide (5, 10, 25, 
50, 100 µM) or panobinostat (7.5, 15, 30 nM). Viable cell number count by semi-automated trypan blue staining 
(mean % over solvent ± SD; n≥3). Dotted line indicates control value. *P≤0.05, **P≤0.01, ***P≤0.001, n.s.: not 
significant. 
 
A concentration of 100 µM BIBR1532 resulted in a decrease of cell viability to 13% in 
GI-ME-N and to 12% in CLB-GA cells (Figure 26). Treatment with 100 µM costunolide 
reduced cell viability to 14% in GI-ME-N and to 16% in CLB-GA cells. Treatment with 
panobinostat reduced cell viability to 20% in GI-ME-N and to 18% in CLB-GA cells at 30 nM 
(Figure 26). Low nanomolar concentrations of panobinostat decreases cell viability as 
effectively as micromolar concentrations of targeted drugs on telomerase in TERT-driven 
neuroblastoma cell lines. Taken together, in vitro telomerase inhibitors BIBR1532 and 
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4.4 Evaluation of panobinostat in preclinical in vivo models of 
TERT-driven neuroblastoma 
4.4.1 Panobinostat treatment suppresses TERT transcript levels and 
telomerase activity in xenografted tumors in mice in a preventive 
treatment schedule 
Panobinostat treatment reduces cell TERT mRNA level and telomerase activity in cell culture 
models of TERT-rearranged high-risk neuroblastoma. To investigate the influence of 
panobinostat treatment on TERT expression and telomerase activity in vivo, neuroblastoma 
xenograft mouse models of TERT-rearranged neuroblastoma were established. From previous 
studies, an effective application method at patient plasma concentration could be adapted 
(Lodrini, 2013; Wong, 2019). Mouse experiments were performed by Annika Sprüssel and 
Daniela Tiburtius. GI-ME-N and CLB-GA cells were used for xenotransplantation into the right 
flank of immunosuppressed 8-week-old athymic female NMRI-Foxn1nu/nu nude mice. For the 
GI-ME-N xenograft model, 5 x106 cells per animal were suspended in Matrigel™ for tumor 
cell inoculation, for the CLB-GA xenograft model 20 x106 cells were used. In a preventive 
treatment schedule, animals were treated when tumors reached a volume of about 150 mm³. 
Animals were randomized and treated with solvent (DMSO) or panobinostat 15 mg/kg/d 
bodyweight, each dissolved in 5% glucose solution applied via intraperitoneal injection. 
Treatment was applied for five consecutive days followed by two days offset of treatment to 
counteract potential weight loss under therapy (Figure 27). Tumor volume determination using 
a caliper and bodyweight were measured daily. Animals were sacrificed when tumor volume 
reached 1500 mm³. 
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Figure 27: Panobinostat treatment schedule in TERT-driven neuroblastoma xenograft mouse models. 
Solvent or 15 mg/kg/d panobinostat was applied to xenografted mice for five consecutive days, followed by two 
days offset of treatment. Animals were treated for a maximum of four weeks. 
  
GI-ME-N xenografted mice were treated for a maximum of 25 days. The GI-ME-N tumors 
showed a slow engraftment and mice carrying GI-ME-N xenograft tumors showed ulcerations 
at tumor sites, which was treated with application of wound healing ointment. After 25 days, 
the experiment was terminated in accordance with animal welfare laws. Xenograft tumor 
growth was reduced after panobinostat treatment in the GI-ME-N xenograft model compared 
to solvent-treated controls (Figure 28 A). Solvent treated GI-ME-N xenograft tumors had an 
average size of 685 mm³ at the end of the experiment compared to 352 mm³ in the panobinostat 
treated tumors (Figure 29 A).  
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Figure 28: Panobinostat treatment reduces xenograft tumor growth in GI-ME-N and CLB-GA mouse models 
in a preventive treatment schedule. 
Xenograft tumor growth of the GI-ME-N and CLB-GA neuroblastoma mouse models in a preventive treatment 
schedule. Tumor volume was measured daily (mean ± SEM, n≥6). A, GI-ME-N xenograft tumors treated with 
panobinostat 15 mg/kg/d (n=7) or solvent (DMSO) (n=6). B, CLB-GA xenograft tumors treated with panobinostat 
15 mg/kg/d (n=8) or solvent (DMSO) (n=7). Dotted lines indicate tumor volumes at onset of treatment. Arrows 
indicate onset of treatment. For statistical analysis, tumor volumes at day 25 for the GI-ME-N model and at day 
15 for the CLB-GA model were compared. Statistical testing via area under the curve analysis after termination of 
solvent treated cohort. **P≤0.01, ***P≤0.001. 
 
CLB-GA xenografted mice were treated for a maximum of 29 days. Xenograft tumor growth 
was inhibited under panobinostat treatment in the CLB-GA xenograft model (Figure 28 B). 
Solvent treated CLB-GA xenograft tumors had a final average tumor volume of 1162 mm³ 
compared to 309 mm³ in the panobinostat treated cohort (Figure 29 B). Together, the final tumor 
volumes of panobinostat treated xenograft tumors compared to solvent treated xenograft tumors 
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Figure 29: Panobinostat treatment reduces tumor volumes in xenograft tumor volumes in GI-ME-N and 
CLB-GA mouse models in a preventive treatment schedule. 
Xenograft tumor volumes at termination of experiment or when maximum tumor volume was reached are depicted 
as box plots (mean ± SEM, n≥6), and exemplarily shown as pictures. A, GI-ME-N xenograft tumors treated with 
panobinostat 15 mg/kg/d (n=7) or solvent (DMSO) (n=6) and photographed tumors after explantation. B, CLB-GA 
xenograft tumors treated with panobinostat 15 mg/kg/d (n=8) or solvent (DMSO) (n=7) and photographed tumors 
after explantation. For statistical analysis, tumor volumes at day 25 for the GI-ME-N model and at day 29 for the 
CLB-GA model were compared. ***P≤0.001. 
 
For the CLB-GA model of the preventive treatment schedule, Kaplan-Meier survival curves 
were generated. Kaplan-Meier survival analysis of CLB-GA xenografted animals showed that 
panobinostat treatment resulted in extended survival of animals compared to solvent-treated 
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Figure 30: Panobinostat treatment increases survival of CLB-GA xenografted mice. 
Kaplan-Meier analysis of overall survival of CLB-GA xenografted mice (mean, n≥7). CLB-GA xenograft mice 
were treated with panobinostat 15 mg/kg/d (n=8) or solvent (DMSO) (n=7). Arrow indicates onset of treatment. 
***P≤0.001. 
 
Punch biopsies from each xenograft tumor were taken for further analyses. For the molecular 
analyses, cryosections of the tumors were prepared and lysed. To measure TERT mRNA levels, 
qRT-PCR expression analysis was performed. TERT expression was reduced to 61% in animals 
treated with panobinostat in GI-ME-N xenograft tumors compared to solvent-treated animals 
(Figure 31). In CLB-GA xenografted mice, TERT expression was reduced to 56% after 
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Figure 31: TERT mRNA expression is reduced in xenograft tumors treated with panobinostat in GI-ME-N and 
CLB-GA mouse models in a preventive treatment schedule. 
TERT mRNA expression analysis in GI-ME-N xenograft tumors treated with panobinostat 15 mg/kg/d (n=7) or 
solvent (DMSO) (n=6) and in CLB-GA xenograft tumors treated with panobinostat 15 mg/kg/d (n=8) or solvent 
(DMSO) (n=7). TERT expression was analyzed by qRT-PCR (mean fold change over solvent ± SEM; n≥6). 
*P≤0.05, **P≤0.01. 
 
Subsequently, telomerase activity was quantified in xenograft tumors. Telomerase activity was 
reduced to about 10% in GI-ME-N xenograft tumors after panobinostat treatment compared to 
solvent-treated animals (Figure 32). In CLB-GA xenografted mice receiving panobinostat, 
telomerase activity was reduced to 23% compared to solvent-treated control animals (Figure 
32). Reduction of telomerase activity in vivo was stronger reduced than in the in vitro cell 
culture models.  
 
Figure 32: Telomerase activity in xenograft tumors in GI-ME-N and CLB-GA mouse models in a preventive 
treatment schedule. 
Telomerase activity in GI-ME-N xenograft tumors treated with panobinostat 15 mg/kg/d (n=7) or solvent (DMSO) 
(n=6) and in CLB-GA xenograft tumors treated with panobinostat 15 mg/kg/d (n=8) or solvent (DMSO) (n=7). 
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Reduced xenograft tumor growth, TERT expression and telomerase activity after panobinostat 
treatment were reproduced in a second animal study applying the preventive treatment schedule 
and confirmed the previous results in independent cohorts of each model (data not shown). 
Taken together, panobinostat treatment represses TERT mRNA expression and telomerase 
activity in xenograft models of TERT-rearranged high-risk neuroblastoma, and has strong 
antitumoral efficacy in a preventive treatment schedule. 
 
4.4.2 Panobinostat treatment reduces TERT transcript levels and telomerase 
activity in xenografted tumors in mice in a therapeutic treatment 
schedule 
Patients initially presenting with neuroblastoma often show progressed disease. Therefore, a 
therapeutic treatment schedule was investigated in the CLB-GA xenograft model to investigate 
how panobinostat treatment affects TERT transcript levels and telomerase activity in highly 
proliferating tumors. Since the GI-ME-N xenograft model showed slow tumor engraftment, low 
tumor take rates and triggered an inflammatory response, the CLB-GA model was chosen for 
further analyses. Mouse experiments were performed by Annika Sprüssel and Daniela 
Tiburtius. To investigate the dose-efficacy of the treatment, a lower concentration of 
7.5 mg/kg/d panobinostat was included. For each xenotransplantation, 20 x106 CLB-GA cells 
were transplanted into the right flank of immunosuppressed 8-week-old athymic female NMRI-
Foxn1nu/nu nude mice. In a therapeutic treatment schedule, animals were treated when tumors 
reached a volume of about 300 mm³. Animals were randomized and treated with 7.5-15 mg/kg/d 
panobinostat or solvent (DMSO), each dissolved in 5% glucose solution applied via 
intraperitoneal injection. Treatment was applied for five consecutive days followed by two days 
offset of treatment (Figure 27). Tumor volume determination using a caliper and bodyweight 
were measured daily. All animals were sacrificed at day eleven of treatment when tumor 
volume of control animals reached 1500 mm³. 
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Figure 33: Panobinostat treatment reduces xenograft tumor growth in a CLB-GA mouse model in a therapeutic 
treatment schedule. 
Xenograft tumor growth of the CLB-GA neuroblastoma mouse model in a therapeutic treatment schedule and 
tumor volumes depicted as box plot and exemplarily shown as pictures. Tumor volume was measured daily (mean 
± SEM, n≥3). A, Tumor volumes of CLB-GA xenograft tumors treated with 15 mg/kg/d panobinostat (n=3) and 
7.5 mg/kg/d panobinostat (n=4) or solvent (DMSO) (n=4). B, Xenograft tumor volumes are depicted as box plots 
at day 11 (mean ± SEM, n≥3) and photographed tumors after explantation. Dotted line indicates tumor volume at 
onset of treatment. Arrow indicates onset of treatment. Statistical testing of tumor growth via area under the curve 
analysis. *P≤0.05, **P≤0.01, ***P≤0.001, n.s.: not significant. 
 
Tumor growth and tumor volumes were significantly reduced after panobinostat treatment 
(Figure 33). Solvent treated CLB-GA xenograft tumors had an average size of 1297 mm³ 
compared to 382 mm³ in the 7.5 mg/kg/d panobinostat and to 194 mm³ in the 15 mg/kg/d 
panobinostat treated cohorts. Punch biopsies from each xenograft tumor were taken for further 
analyses. For the in vitro assays, cryosections of the tumors were prepared and lysed. To 
measure TERT mRNA levels, qRT-PCR expression analysis was performed. TERT expression 
was reduced to 58% in the 7.5 mg/kg/d cohort and to 47% in animals treated with 15 mg/kg/d 
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panobinostat compared to animals receiving solvent treatment (Figure 34). After panobinostat 
treatment, telomerase activity decreased to 17% in the 7.5 mg/kg/d panobinostat cohort and to 
22% in xenograft tumors treated with 15 mg/kg/d panobinostat compared to solvent-treated 
animals (Figure 34).  
 
Figure 34: TERT expression and telomerase activity are reduced in xenograft tumors treated with panobinostat 
in a CLB-GA mouse model in a therapeutic treatment schedule. 
A, TERT mRNA expression analysis in CLB-GA xenograft tumors treated with panobinostat 15 mg/kg/d (n=3), 
panobinostat 7.5 mg/kg/d (n=4) or solvent (DMSO) (n=4). TERT expression was analyzed by qRT-PCR (mean 
fold change over solvent ± SEM; n≥3). B, Telomerase activity in CLB-GA xenograft tumors treated with 
panobinostat 15 mg/kg/d (n=3) and 7.5 mg/kg/d (n=4) or solvent (DMSO) (n=4). Telomerase activity was 
measured by ELISA (mean % over solvent ± SEM; n≥3). *P≤0.05, n.s.: not significant. 
 
As in the preventive treatment schedule, telomerase activity was stronger reduced than TERT 
mRNA levels following the therapeutic treatment schedule. There was no significant difference 
between the 7.5 mg/kg/d panobinostat and the 15 mg/kg/d panobinostat cohorts regarding tumor 
volume, TERT expression and telomerase activity after eleven days of treatment. These results 
are in line with previous observations in the preventive approach and demonstrate that 
panobinostat treatment reduces TERT expression and telomerase activity in xenograft mouse 
models of TERT-rearranged neuroblastoma in a therapeutic treatment schedule. 
 
4.5 Epigenomic analyses reveal no major changes at the TERT 
locus by panobinostat treatment 
Panobinostat treatment decreases TERT levels and telomerase activity in models of TERT-
rearranged high-risk neuroblastoma. HDAC inhibition is generally considered to result in a 
more open chromatin state, thereby enabling gene transcription (de Ruijter, 2003; Roth, 2001). 
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marks H3K27ac and H3K4me1to be often enriched at super-enhancer elements (Chipumuro, 
2014; Loven, 2013), which was also described in TERT-rearranged neuroblastoma 
(Gartlgruber, 2018; Peifer, 2015; Valentijn, 2015). To gain inside the epigenetic regulation after 
panobinostat treatment, the individual profile of the rearranged TERT region was identified 
(section 6.1) and subsequently chromatin immunoprecipitation (ChIP) sequencing and 
methylation array profiling were performed. 
 
4.5.1 Panobinostat treatment triggers no major changes in chromatin marks 
associated with the TERT locus 
Epigenetic modifications such as histone marks or methylation status of CpG islands regulate 
DNA accessibility and gene transcription. The epigenetic agent panobinostat might influence 
the chromatin state and mediate reduction of TERT expression by formation of condensed 
chromatin at the TERT locus. To understand how panobinostat influences expression of the 
TERT gene, ChIP sequencing analysis was performed. Because the reduction of TERT levels 
after panobinostat treatment is stronger in GI-ME-N than in CLB-GA cells, GI-ME-N cells 
were used for the analysis. The four histone modifications acetylation of histone 3 at lysine 
residue 27 (H3K27ac), trimethylation of histone 3 at lysine residue 4 (H3K4me3), 
trimethylation of histone 3 at lysine residue 36 (H3K36me3) and monomethylation of histone 
3 at lysine residue 4 (H3K4me1) were selected for the analyses of histone marks. These marks 
represent histone modifications indicative of an open chromatin structure and enabled gene 
transcription. In addition, the two histone modifications standing for a condensed chromatin 
state and disabled gene transcription trimethylation of histone 3 at lysine residue 27 
(H3K27me3) and trimethylation of histone 3 at lysine residue 9 (H3K9me3) were chosen for 
the analyses (Peifer, 2015; Henrich, 2016). TERT mRNA expression is reduced to about 50% 
after 18 h of panobinostat treatment in GI-ME-N cells (section 4.1.1). This rather early time-
point was chosen for subsequent ChIP sequencing analysis to capture early events after 
panobinostat treatment and to reduce further effects of elongated treatment. Cells were treated 
with solvent (DMSO) or 30 nM panobinostat for 18 h. Fragmentation of precipitated DNA was 
controlled by agarose gel electrophoresis. 
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Figure 35: Sonication of precipitated DNA results in fragments of 100-300 base pair length. 
DNA from sonicated samples and unsonicated controls were analyzed by agarose gel electrophoresis. DNA was 
stained using ethidiumbromide. The bulk of fragments had a length between 100 to 300 base pairs. 
 
Fragmentation of precipitated DNA resulted in fragments of 100-300 bp length, as 
recommended for ChIP sequencing (Figure 35). Immunoprecipitation of histone mark 
H3K4me1 resulted in small amounts of precipitated DNA of desired quality. To control the 
downregulation of TERT in the ChIP experiment, TERT mRNA was analyzed in parallel using 
qRT-PCR. Induction of tumor suppressors MIR183 and GRHL-1 was demonstrated after 
panobinostat treatment in neuroblastoma (Fabian, 2014; Lodrini, 2013). Validation of 
chromatin remodeling at tumor suppressor MIR183 and GRHL-1 loci was performed by qRT-
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Figure 36: Technical validation of samples for ChIP experiments. 
Validation analyses of ChIP sequencing experiment. GI-ME-N cells were treated with panobinostat 30 nM or 
solvent for 18 h. A, Expression of TERT mRNA in GI-ME-N cells. TERT expression was analyzed by qRT-PCR 
(mean fold change over solvent ± SD; n≥2). B, Enrichment of H3K4me3 at GRHL1 and MIR183 loci after 
panobinostat treatment. C, Enrichment of H3K27me3 at GRHL1 and MIR183 loci after panobinostat treatment. 
Bars represent mean relative enrichment above the solvent control (±SD; n≥2), detected by qRT-PCR. *P≤0.05, 
**P≤0.01, ***P≤0.001. 
 
After panobinostat treatment, TERT mRNA expression was reduced to 40% (Figure 36 A). 
Enrichment of activating mark H3K4me3 at GRHL1 (1.7-fold) and MIR183 (2.8-fold) loci was 
detected after panobinostat treatment (Figure 36 B). Depletion of repressive mark H3K27me3 
at GRHL1 (0.5-fold) and MIR183 (0.7-fold) loci was detected after panobinostat treatment 
(Figure 36 C). In total, one replicate for H3K4me1, three replicates for H3K4me3, H3K27ac, 
H3K36me3 and H3K9me3 and four replicates for H3K27me3 were sequenced for each 
condition and analyzed for altered patterns of histone marks after panobinostat treatment. 
Sequencing was performed at the DKFZ High Throughput Sequencing Core Facility and data 
analysis was performed by January Weiner at the Berlin Institute of Health (BIH). First, a 
correlation analysis was performed to check sample quality and clustering of the different 
samples. Subsequently, principal component analysis (PCA) was performed to reveal the 
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Figure 37: Heatmap and PC 
analysis reveal correlation 
between peak calls of samples 
(continued). 
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Figure 37: Heatmap and PC analysis reveal correlation between peak calls of samples. 
Continued. A, Heat-map depicting the correlation of samples sorted by histone mark and condition. GI-ME-N cells 
were treated for 18 h with 30 nM panobinostat or solvent (DMSO). Antibodies H3K4me1, H3K4me3, H3K27ac, 
H3K36me3, H3K9me3 and H3K27me3 were used for immunoprecipitation. B, Principal component analysis 
performed separately for each probe. For histone mark H3K4me1, no analysis was possible due to small sample 
size. Yellow circles: Solvent treated samples; blue circles: panobinostat treated samples; D: DMSO (solvent), 
P: panobinostat. Reads were aligned to the GRCh38 genome assembly (hg38). 
 
The correlation analysis between peak-calls in the analyzed samples showed that the six histone 
marks in the different groups cluster together (Figure 37 A). Principal component analysis of 
PC1 and PC2 revealed that active enhancer mark H3K27ac as well as H3K36me3 and 
H3K9me3 showed a separation of the two conditions tested, in contrast to most of the other 
marks, indicating that the H3K27ac modification is strongly influenced by panobinostat 
treatment (Figure 37 B). Histone marks H3K27me3 and H3K4me3 showed no clear clustering 
of the two conditions in PC1 and PC2 (Figure 37 B). Since only one single sample per condition 
could be sequenced for histone mark H3K4me1, no principal component analysis was 
performable with the applied method. The genome-wide number of peaks with significant 
differences between the tested conditions at different p-value cutoffs was summarized in a table. 
 
Table 29: Panobinostat treatment changes epigenetic marks in GI-ME-N cells. 
Overview of the results of the separate genome-wide analysis. Numbers indicate the total number of results below 
at different p-value cutoffs. Differential abundance of histone marks H3K27ac, H3K27me3, H3K36me3, 
H3K4me3 and H3K9me3 after panobinostat treatment. For histone mark H3K4me1, no analysis was possible due 
to small sample size. 
 
 
The most strongly significantly altered histone mark after panobinostat treatment is H3K27ac; 
41,182 H3K27ac marks were changed with a p-value ≤ 0.05 (Table 29). Of that, 13,936 marks 
had p-values ≤ 0.001. In total, 468 H3K27me3 marks were changed with a p-value ≤ 0.05 and 
for 108 marks, p ≤ 0.01 was calculated (Table 29). Trimethylated histone 3 K36 (H3K36me3) 
standing for transcriptional elongation was altered in 431 peaks at p-values of 0.05 and 43 peaks 
showed a lower p-value of ≤ 0.001. Trimethylated histone 3 K4 (H3K4me3) showed 1,038 
peaks with p ≤ 0.05 and 216 peaks with p ≤ 0.001. Repressive histone mark H3K9me3 showed 
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genome-wide alterations of 26 marks with a p-value ≤ 0.05 and 7 marks with p ≤ 0.001. Since 
only one single sample per condition could be sequenced for histone mark H3K4me1, no 
differential abundance of peaks could be analyzed with the applied method. 
Subsequently, the TERT genomic region at chromosome 5 and the rearrangement partner on 
chromosome 19 was further analyzed (section 6.1). In the following, the rearranged TERT 
region is defined as the result of combining the TERT region downstream of the putative 
rearrangement (chr5, 1195067–1295066) and the region chr19, 58507053–58607052. 
 
Table 30: The epigenetic marks of the rearranged TERT region are not strongly altered by panobinostat 
treatment. 
Differential abundance of histone marks H3K27ac, H3K27me3, H3K36me3, H3K4me3 and H3K9me3 after 
panobinostat treatment in the TERT region. The table represents results from the defined TERT region 
(chr5, 1195067–1295066 and chr19, 58507053–58607052) showing the number of peaks with significant 
differences between the tested conditions at different p-value cutoffs. The p-values are corrected for multiple 
testing within all results in the recombined region for a given probe. The numbers indicate the total number of 
differentially bound peaks at a given p-value threshold in relation to total number of peaks. In parentheses: number 
of peaks differentially bound in the TERT region, number of peaks bound in the upstream recombined region. For 
histone mark H3K4me1, no analysis was possible due to small sample size. 
 
 
In the rearranged TERT region the most significantly altered histone mark was H3K27ac 
showing 8 peaks with p-values ≤ 0.05 and 5 peaks with p-values ≤ 0.001 (Table 30). The second 
most altered histone mark after panobinostat treatment was H3K27me3, with 1 peak showing 
p-value ≤ 0.001. For histone marks H3K36me3, H3K4me3 and H3K9me3, there were no 
histone marks identified to be significantly altered by panobinostat treatment (Table 30). Since 
only one single sample per condition could be sequenced for histone mark H3K4me1, no 
differential abundance of peaks was analyzed with the applied method. 
A graphical overview of the rearranged TERT region in GI-ME-N including all assigned peaks 
was generated. 
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Figure 38: Histone marks at the rearranged TERT genomic region in GI-ME-N cells. 
GI-ME-N cells were treated for 18 h with panobinostat (30 nM) or solvent (DMSO) (n≥3). Survey of the five 
histone marks in the rearranged TERT region with the peaks shown for each probe. Grey vertical lines indicate 
peaks identified in the samples. Red vertical lines indicate peaks which show a significant difference between 
solvent (n≥1) and panobinostat (n≥1) for the given mark. Peaks of the defined TERT region 
(chr5, 1195067-1295066) and the rearrangement partner (chr19, 58507053–58607052) are shown for H3K9me3, 
H3K4me3, H3K36me3, H3K27me3 and H3K27ac. ChIP sequencing reads were aligned to the GRCh38 genome 
assembly (hg38) and visualized with the Integrative Genomics Viewer (IGV). For histone mark H3K4me1, no 
analysis was possible due to small sample size. Yellow tracks: Solvent (DMSO); blue tracks: panobinostat; blue 
vertical line: DNA breakpoint. Reads were aligned to the GRCh38 genome assembly (hg38). 
 
The significant peaks for H3K27ac were all assigned to regions and genes Zinc Finger And 
BTB Domain Containing 45 (ZBTB45) and Myeloid zinc finger 1 (Antisense RNA 1) 
(MZF1(-AS1)) upstream of TERT (Figure 38). The sole significantly changing H3K27me3 peak 
was assigned to the ZBTB45 upstream of TERT (Figure 38). For histone marks H3K36me3, 
H3K4me3 and H3K9me3, there were no histone modifications identified to be significantly 
altered by panobinostat treatment (Figure 38). These modifications are not likely to explain the 
strong repression of TERT after panobinostat treatment. To summarize, results from ChIP 
sequencing analysis revealed that the most strongly significantly altered histone marks are 
H3K27ac and H3K4me3 looking at genome-wide histone modifications. The rearranged TERT 
region undergoes minor changes after panobinostat treatment, and repression of TERT mRNA 
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4.5.2 Panobinostat treatment induces reduction of genome-wide 
methylation 
The TERT region is alternatively methylated during carcinogenesis (Lee, 2019). Massive 
methylation of the TERT promotor region was described to enable active TERT transcription 
(Lee, 2019) and increased methylation in the TERT region was demonstrated in TERT-
rearranged neuroblastoma (Peifer, 2015). To investigate putative changes in methylation status 
of the rearranged TERT region after panobinostat treatment, methylation profiling analysis was 
performed. TERT mRNA expression is reduced to about 50% after 18 h of panobinostat 
treatment (section 4.1.1). This rather early time-point was chosen for subsequent methylation 
array profiling to capture early events after panobinostat treatment and to reduce further effects 
of elongated treatment. Cells were treated with solvent (DMSO) or 30 nM panobinostat for 
18 h. To control the downregulation of TERT in the methylation profiling experiment, TERT 
mRNA was analyzed in parallel using qRT-PCR (data not shown). Three replicates were 
analyzed for each condition. DNA from treated cells was isolated, bisulfite-converted and 
amplified prior to being loaded on the BeadChip. The methylation array was performed at the 
DKFZ Genomics and Proteomics Core Facility and data analysis was performed by January 
Weiner at the Berlin Institute of Health (BIH). The quality control of samples did not show 
outliers or low quality arrays. 
 
Figure 39: Panobinostat treatment induces genome-wide demethylation of CpG sites. 
GI-ME-N cells treated for 18 h with panobinostat (30 nM) or solvent (DMSO). Density plot showing the 
distribution of signals for each sample (n=3). Samples were processed using raw normalization. Yellow lines: 
Solvent (DMSO); blue lines: panobinostat 
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Average methylation of CpG sites is indicated by Beta values of the mono-methylated (Beta=1) 
and non-methylated (Beta=0) state. Genome-wide methylation decreased after panobinostat 
treatment as demonstrated by an average shift to smaller beta values (Figure 39). Reduction of 
methylated CpG sites of panobinostat treated samples was observed in all replicates. 
Subsequently, analysis of CpG sites in the rearranged TERT region on chromosome 5 with the 
rearrangement partner on chromosome 19 was performed. 
 
Figure 40: Minor changes in the methylation status of the rearranged TERT locus in GI-ME-N cells. 
GI-ME-N cells were treated for 18 h with panobinostat (30 nM) or solvent (DMSO) (n=3). Methylation status of 
the defined TERT region (chr5, 1195067–1295066 and chr19, 58507053–58607052). Stars indicate CpG sites that 
are significantly different between solvent and panobinostat treatment. Each track corresponds to a single sample. 
Yellow tracks: Solvent (DMSO); blue tracks: panobinostat; blue vertical line: DNA breakpoint. Visualization 
referred to the GRCh38 genome assembly (hg38). 
 
Few sites in the TERT gene and the rearranged TERT locus were less methylated after 
panobinostat treatment (Figure 40). The actual effect size in differences between mean 
methylation in both sample groups was small (data not shown). These alterations in CpG 
methylation are not likely to explain the strong repression of TERT after panobinostat treatment. 
Taken together, methylation status of CpG sites in the rearranged TERT region revealed no 
major changes after panobinostat treatment and does not explain the repression of the TERT 
mRNA. 
 
4.6 Panobinostat treatment reduces the stability of the TERT 
transcript 
TERT mRNA levels decline after 2-4 h of panobinostat treatment in GI-ME-N and CLB-GA 
cells (section 4.1.1). To investigate whether the decrease in mRNA expression is due to a 
decrease in mRNA stability, expression of TERT mRNA was analyzed in cells treated with 
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CLB-GA cells was determined upon actinomycin D treatment. Actinomycin D blocks de novo 
gene transcription by forming stable complexes with double-stranded DNA. To ensure valid 
quantification, GI-ME-N cells were treated at maximum for 30 h and CLB-GA cells for 24 h, 
since transcriptional inhibition is toxic to cells and results in detachment from cell culture 
plates. 
 
Figure 41: TERT half-life is determined after transcriptional inhibition with actinomycin D.  
Expression of TERT upon actinomycin D treatment. A, GI-ME-N cells treated with actinomycin D (5 µg/ml) or 
solvent (DMSO) for 1-30 h. TERT expression was analyzed by qRT-PCR (mean log fold change over 
solvent ± SD; n≥2). B, CLB-GA cells treated with actinomycin D (5 µg/ml) or solvent (DMSO) for 1-24 h. TERT 
expression was analyzed by qRT-PCR (mean log fold change over solvent ± SD; n≥3). Half-life of TERT mRNA 
was determined via linear regression fit of transformed data. 
 
Half-life of TERT mRNA was determined to about 21.3 h in GI-ME-N cells (Figure 41 A). In 
CLB-GA cells, TERT mRNA half-life was determined to about 12.5 h (Figure 41 B). To 
investigate the TERT mRNA stability of after panobinostat treatment, combination treatment of 
panobinostat and actinomycin D was performed. GI-ME-N and CLB-GA cells were treated first 
with solvent (DMSO) or panobinostat 2 h prior to actinomycin D treatment. Treated cells were 
harvested after 0, 6, 10, 14, 18 and 24 h after combination treatment and RNA levels were 
measured by qRT-PCR. 
The half-life of TERT mRNA in GI-ME-N cells was reduced from 24.4 h to 13 h (Figure 42 A), 
and from 12 h to 8.4 h in CLB-GA cells after panobinostat treatment (Figure 42 B), suggesting 
reduced TERT transcript stability as the underlying molecular mechanism. 
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Figure 42: Half-life of the TERT transcript is decreased by panobinostat treatment.  
Expression of TERT upon actinomycin D treatment alone or in combination with panobinostat. A, TERT 
expression of GI-ME-N cells co-treated with actinomycin D (5 µg/ml) and panobinostat (30 nM) or solvent 
(DMSO). TERT expression was analyzed by qRT-PCR (mean log fold change over start expression ± SD; n≥2). 
B, TERT expression of CLB-GA cells co-treated with actinomycin D (5 µg/ml) and panobinostat (30 nM) or 
solvent (DMSO). TERT expression was analyzed by qRT-PCR (mean log fold change over start expression ± SD; 
n≥2). Half-life of TERT mRNA was determined via linear regression fit of transformed data. Dotted line indicates 
control value. 
 
4.7 Evaluation of synergistic drug combinations with panobinostat 
4.7.1 Selection of chemotherapeutics or targeted compounds for 
combination with panobinostat 
Panobinostat treatment reduces tumor growth in preventive and therapeutic xenograft mouse 
models of TERT-rearranged high-risk neuroblastoma (section 4.4). In cancer therapy, 
application of monotherapy will most likely result in acquired therapy resistance of tumor cells 
since they can adapt to the selective pressure of monotherapy (Jagadeeshan, 2019). To optimize 
treatment success and to search for synergisms, combination therapy with panobinostat was 
investigated with standard chemotherapeutic agents used in neuroblastoma treatment protocols 
or targeted compounds. The classical first-line chemotherapeutic agents doxorubicin and 
oxaliplatin were used for the combination therapy. The platinum derivative cytostatic 
oxaliplatin was used instead of cisplatin, since oxaliplatin is less deactivated by DMSO that it 
used as solvent in the analyses here (Hall, 2014). The RIST-rNB 2011 study is a multimodal 
molecular targeted therapy to treat relapsed or refractory high-risk neuroblastoma patients 
(NCT01467986, NIH, 2020). Dasartinib, rapamycin, irinotecan and temozolomide are 
administered to patients enrolled in this study, combining molecular targeted drugs (rapamycin 
and dasatinib) with conventional chemotherapy (irinotecan and temozolomide). In multiple 
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myeloma, panobinostat is used in combination with the proteasomal inhibitor bortezomib and 
dexamethasone, significantly increasing progression-free survival of patients (Richardson, 
2016). In addition, proteasomal inhibition with bortezomib triggered cell death of 
neuroblastoma cell lines (Pilchova, 2017). Lorlatinib was used as exemplary inhibitor of 
anaplastic lymphoma kinase (ALK), a frequent target of genetic alteration in advanced 
neuroblastoma. The CLB-GA cell line harbors a gain-of-function point mutation in the ALK 
gene (R1275Q), which can be targeted by ALK-inhibitor lorlatinib (Trigg, 2018). Further, 
I-BET762 was used as exemplary BET inhibitor. BETi indirectly reduce expression of MYCN 
and MYCN target genes such as TERT, and are promising preclinical candidates for treating 
MYCN-amplified neuroblastoma (Henssen, 2016, Huang, 2020). The drug concentrations 
applied for the testing were either derived from patient plasma levels (Infarinato, 2016; Choo, 
2013; Christopher, 2008; Tan, 2018), preclinical experiments (Mustafi, 2019) or as 
recommended by CPO, Berlin and adapted to in vitro application (Table 31). To calculate dose-
response curves using the software Synergyfinder (Ianevski, 2017), a concentration series of six 
data points was measured for each compound. Due to technical settings of the screen, most of 
the compounds were diluted with solvent in a 1:3 ratio.  
 
Table 31: Concentrations of chemotherapeutic and targeted compounds for synergistic drug testing with 
panobinostat. 
Grey filled columns highlight published drug concentrations and translated in vitro concentrations. The third 
highest concentration represents the medium plasma concentration or concentration applied in preclinical models. 
For doxorubicin and bortezomib, the applied concentrations were decreased in both cell lines. 
 
 
To assess the concentration range of the nine selected compounds in TERT-rearranged cell lines 
GI-ME-N and CLB-GA, cell viability experiments were performed by Alessandra Silvestri and 
Guido Gambara at CPO, Berlin. GI-ME-N and CLB-GA cells were treated with the selected 
agents for 72 h with the concentrations outlined in Table 31. Treatment with doxorubicin and 




Panobinostat 5.1 0.2 0.6 1.7 5 15 45 Rathkopf, 2010
Irinotecan 4000 180 560 1670 5000 15,000 45,000 CPO, Berlin
Temozolomid 7000 370 1110 3300 10,000 30,000 90,000 CPO, Berlin
Rapamycin 14.4 0.6 1.7 5 15 45 135 Choo, 2013
Dasatinib 247 9 28 83 250 750 2250 Christopher, 2008
Doxorubicin 600 2 6 19 56 167 500 GI-ME-N CPO, Berlin
0.02 0.1 0.48 2 12 60 CLB-GA
Oxaliplatin 1440 56 167 500 1500 4500 13,500 CPO, Berlin
Bortezomib 106 0.4 1 4 11 33 100 GI-ME-N Tan, 2018
0.001 0.006 0.032 0.16 0.8 4 CLB-GA
Lorlatinib 569 20 61 183 550 1650 4950 Infarinato, 2016; Shaw, 2017
I-BET762 111 4 11 33 100 300 900 Mustafi, 2019
Assay concentrations [ng/ml]
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bortezomib showed strong toxicity towards both cell lines at published concentrations, 
impeding the analysis of cell viability after treatment (data not shown). Therefore, 
concentrations of doxorubicin and bortezomib were decreased for each cell line (Table 31). For 
the CLB-GA cells, lower concentrations as for the GI-ME-N cell line were applied for 
treatment.  
 
4.7.2 Combination therapy of panobinostat with bortezomib identifies 
synergistic reduction of cell viability in 2D and 3D neuroblastoma in 
vitro models 
After the analyses of the effective concentration range in GI-ME-N and CLB-GA cells at 
clinically relevant concentrations or below, combination treatment with panobinostat was 
performed in 2D cell culture. The identification of synergistic combinations investigating cell 
viability and induction of protease-mediated apoptosis based on Table 31 was investigated in 
the medical dissertation of Rasmus Linke.  
Combination therapy with panobinostat identified several synergistic combinations that 
reduced cell viability and induced protease-mediated apoptosis in both cell lines (R. Linke, 
Medical Dissertation, work in progress). The combination of panobinostat and bortezomib was 
among the top 3 combinations that synergistically reduced cell viability in GI-ME-N and 
CLB-GA cell lines (R. Linke, Medical Dissertation, work in progress). Since bortezomib was 
shown to reduce TERT expression and telomerase activity (Ci, 2015; Weiss, 2012), the 
combination of panobinostat and bortezomib was further investigated. Cell viability was 
measured in 3D spheroids of GI-ME-N and CLB-GA cells after combination treatment. The 
applied concentration range was chosen according to Table 31. Cell viability experiments of 
the combination therapy in 2D cell cultures were performed by Rasmus Linke, combination 
therapy in 3D cell cultures were performed by Alessandra Silvestri and Guido Gambara at CPO, 
Berlin. GI-ME-N and CLB-GA cells were treated with solvent, panobinostat and/or bortezomib 
for 72 h at different concentrations. Synergy analysis of the combination treatment was 
performed using the software Synergyfinder (Ianevski, 2017). A three-dimensional 
hypersurface was generated, identifying concentration areas of high synergy by calculating 
Bliss synergy scores (δ-scores). 
Results    100 
 
 
Figure 43: Panobinostat and bortezomib synergistically reduce cell viability in 2D and 3D models of 
TERT-rearranged high-risk neuroblastoma. 
Synergy plots of GI-ME-N and CLB-GA cells treated with panobinostat and bortezomib combination therapy for 
72 h in 2D and 3D cell culture models.  A, Synergy plots of GI-ME-N in 2D and (C) 3D models. B, Synergy plots 
of CLB-GA in 2D and (D) 3D models. Areas with δ-scores ≥ 1 are considered as synergistic, δ-scores ≤ 1 as 
antagonistic. Viable cell numbers by luminescence-based assay (mean % over solvent control; n=4). Bliss synergy 
scores were calculated using the Synergyfinder web application. Red: synergistic effect, green: antagonistic effect. 
2D experiments were performed by Rasmus Linke, 3D experiments were performed by CPO. 
 
The calculated overall δ-scores of 14.1 (2D) (Figure 43 A) and 30.3 (3D) (Figure 43 C) in the 
GI-ME-N models are considered as strongly synergistic and were detected in a wide range of 
concentrations. In the CLB-GA models, the calculated overall δ-scores were 8.1 (2D) (Figure 
43 B) and 7.2 (3D) (Figure 43 D). Synergistic effects in the CLB-GA models were observed at 
few concentrations, but overall showed no or antagonistic effects. Taken together, combination 
therapy of panobinostat with bortezomib results in strong synergistic reduction of cell viability 
in the 2D and 3D GI-ME-N cell line models of TERT-rearranged high-risk neuroblastoma at 
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4.7.3 No synergistic effect on protease-mediated apoptosis by combined 
panobinostat/bortezomib treatment  
The combination of panobinostat and bortezomib revealed synergistic anti-tumoral potential in 
2D and 3D models of TERT-rearranged high-risk neuroblastoma. To investigate if protease-
mediated apoptosis is synergistically induced after combination treatment, PARP-1 western 
blot analysis was performed in GI-ME-N and CLB-GA cells. Specific fragmentation of PARP-1 
is considered as indication for active caspase signaling and active proteases unique in cell death 
programs. GI-ME-N and CLB-GA cells were treated with solvent, panobinostat and/or 
bortezomib for 24 h. The applied concentrations were chosen according to synergy calculations 
of the combination treatment, revealing strong decrease of cell viability as shown in section 
4.7.2.  
    
Figure 44: Panobinostat and bortezomib do not synergistically induce protease-mediated apoptosis in GI-ME-N 
and CLB-GA cells. 
Representative western blot analysis of GI-ME-N (left side) and CLB-GA cells (right side) 24 h after solvent, 
panobinostat (15 nM), bortezomib (GI-ME-N: 10 nM, CLB-GA: 2 nM) or combination treatment. GAPDH served 
as a loading control. 
 
GI-ME-N cells treated with panobinostat showed an increase in cleaved PARP-1 protein level 
after panobinostat treatment (Figure 44, lanes 1-4). A small increase of cleaved PARP-1 was 
observed after bortezomib treatment. CLB-GA cells treated with panobinostat and/or 
bortezomib showed an increase in cleaved PARP-1 protein level (Figure 44, lanes 5-8). The 
cleavage of PARP-1 was stronger in CLB-GA than in GI-ME-N cells. Combination treatment 
with panobinostat and bortezomib revealed no synergistic effects on PARP-1 and cleaved 
PARP-1 levels. This experiment suggests that panobinostat and bortezomib do not 
synergistically induce apoptosis via active protease signaling in GI-ME-N and CLB-GA cells. 
GI-ME-N CLB-GA
- 15 - 15 - 15 - 15
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4.7.4 No synergistic effect on TERT expression and telomerase activity by 
combined panobinostat/bortezomib treatment 
Panobinostat reduces TERT mRNA expression and telomerase activity in vitro and in vivo 
models of TERT-rearranged neuroblastoma models. Subsequently, the combination of 
panobinostat and bortezomib was investigated to assess whether this combination 
synergistically downregulates TERT expression and telomerase activity. GI-ME-N cells were 
treated for 24 h for RNA expression analysis and for 48 h for telomerase activity assay with 
solvent, 15 nM panobinostat and/or 10 nM bortezomib. CLB-GA cells were treated for 24 h 
with solvent, 15 nM panobinostat and/or 2 nM bortezomib in both assays. The applied 
concentrations were chosen according to the synergy calculations of the combination treatment 
quantified by δ-score ≥ 1 as shown in section 4.7.2.  
 
Figure 45: Combination treatment of panobinostat and bortezomib has no synergistic effect on TERT 
expression and telomerase activity.  
GI-ME-N and CLB-GA cells were treated for 24 or 48 h with solvent, panobinostat (15 nM), bortezomib 
(2, 10 nM) or combination. TERT expression analysis after 24 h treatment in (A) GI-ME-N and (B) CLB-GA was 
analyzed by qRT-PCR (mean fold change over solvent ± SD; n≥3). Telomerase activity in (C) GI-ME-N after 48 h 
and (D) CLB-GA after 24 h treatment was measured by ELISA (mean % over solvent ± SD; n≥2). Dotted lines 
indicate control value. **P≤0.01, n.s.: not significant. 
 
TERT expression was reduced after panobinostat treatment to 24% in GI-ME-N cells (Figure 
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reduction of TERT mRNA levels and no synergistic effect was detected on TERT expression 
after combination treatment (Figure 45 A and B). Telomerase activity was decreased after 
panobinostat treatment to 53% in GI-ME-N cells (Figure 45 C) and to 46% in CLB-GA cells 
(Figure 45 D). Treatment with bortezomib alone showed no reduction of telomerase activity. 
The combination of bortezomib with panobinostat revealed no synergistic effect on telomerase 
activity (Figure 45 C and D). Taken together, the combination treatment of panobinostat and 
bortezomib showed no synergistic reduction of TERT mRNA levels and telomerase activity in 
models of TERT-rearranged high-risk neuroblastoma. 
 
4.7.5 Preliminary study testing the synergistic efficacy of combined 
panobinostat/bortezomib treatment in subcutaneous xenografts in 
mice in a preventive treatment schedule 
The combination therapy of panobinostat and bortezomib showed strong synergistic 
antitumoral potential in 2D and 3D models of TERT-rearranged neuroblastoma in vitro models 
and was further analyzed for in vivo efficacy. Since the GI-ME-N xenograft model showed slow 
tumor engraftment, low tumor take rates and triggered an inflammatory response, the CLB-GA 
model was chosen for further analyses. Mouse experiments were performed by Dennis Gürgen 
at EPO, Berlin. The panobinostat concentration was adapted from previous mouse studies 
(section 4.4) and the bortezomib concentration was chosen following standard protocols applied 
by EPO, reflecting achievable patient plasma levels (Tan, 2018). CLB-GA cells were 
xenotransplanted into the right flank of immunosuppressed 8-week-old athymic female 
NMRI-Foxn1nu/nu nude mice. About 18 x106 cells per animal were suspended in Matrigel™ 
for tumor cell inoculation. In a preventive treatment schedule, animals were treated when 
tumors reached a volume of about 100 mm³. Animals were randomized and treated with 
15 mg/kg/d panobinostat or solvent (each dissolved in 5% glucose solution) by intraperitoneal 
injection 5 d/week, and/or with 0.5 mg/kg/d bortezomib or solvent (each dissolved in 0.9% 
sodium chloride solution) by intravenous injection 3 d/week starting at randomization. 
Treatment was applied for five consecutive days followed by two days offset of treatment 
(Figure 46). Tumor volume determination using a caliper and bodyweight were measured daily. 
Animals were sacrificed when tumor volume reached about 1500 mm³. 
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Figure 46: Combination treatment scheme with panobinostat and bortezomib in a high-risk neuroblastoma 
xenograft mouse model. 
Solvent or 15 mg/kg/d panobinostat was applied to xenografted mice for five consecutive days, followed by two 
days offset of treatment. Three days a week, 0.5 mg/kg/d bortezomib treatment was applied in parallel. Animals 
were treated for a maximum of four weeks. 
 
Four animals were randomized to each group and treatment. Treatment was applied for a 
maximum of 19 days. Group A was treated with solvent control, group B with panobinostat, 
group C with bortezomib and group D received treatment with panobinostat and bortezomib. 
The treatment schedule could not be followed as outlined due to transient weight loss of two 
mice of the combination treatment cohort (group D). For that cohort, treatment was paused from 
day 8 until day 12. Other cohorts were treated according to schedule (Figure 46).  
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Figure 47: Combination treatment of panobinostat and bortezomib in a CLB-GA mouse model following a 
preventive treatment schedule. 
Individual CLB-GA xenograft tumor growth in a preventive treatment schedule shown for each day under therapy. 
Tumor volume was measured daily and animals were treated with solvent (DMSO, group A), panobinostat 
15 mg/kg/d (group B), bortezomib 0.5 mg/kg/d (group C) or combination (group D). Experiment was performed 
by and graphic was adapted from EPO. 
 
Xenograft tumor growth was comparable to previous CLB-GA mouse studies and showed 
progressive tumor growth of the solvent treated cohort (Figure 47). Individual animals were 
taken out of the study when tumors reached the maximal allowed volume of about 1500 mm³. 
Due to high variance in tumor volumes in each group, averaged growth curves were highly 
affected when individual animals were taken out of the study (data not shown). Treatment with 
panobinostat reduced xenograft tumor growth but could not arrest proliferation of tumors 
(Figure 47). Bortezomib treatment resulted in reduction of tumor growth in half of the animals 
from that cohort, with progressive tumor growth in animals of the other half (Figure 47). The 
combination therapy of panobinostat and bortezomib revealed a reduction of tumor growth in 
3 out of 4 animals of that cohort (Figure 47). The small cohort size of four animals per cohort 
does not allow to identify outliers or non-responders. Regarding the technical limitations of the 
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of panobinostat and bortezomib in this pilot study in a TERT-rearranged high-risk 
neuroblastoma xenograft mouse model following a preventive treatment schedule. 
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5 Discussion 
The prognosis of high-risk neuroblastoma patients is still unfavorable despite intensive 
therapeutic intervention and multimodal treatment. Neuroblastoma patients with tumors 
maintaining their telomeres show poor survival rates and may define a novel high-risk group of 
the disease (Ackermann, 2018; Peifer, 2015; Valentijn, 2015). Irreversible side effects of the 
cytotoxic therapy reduce the quality of life of surviving patients. Novel targeted therapeutic 
options are of enormous importance for the treatment of neuroblastoma patients in the future. 
Upon malignant transformation and carcinogenesis, epigenetic silencing of tumor suppressive 
genes are frequent events, putting epigenetic modifiers like HDACs in the focus of current 
research (Baylin, 2006; Esteller, 2007; Sanaei, 2019; Zhang, 2017a). Although aberrant 
expression of HDACs in cancer remains largely correlative, histone deacetylase inhibitors 
demonstrated their potential as anticancer agents in divert adult cancer entities like leukemia, 
multiple myeloma or lymphoma (Bolden, 2006; Catley, 2003; Duan, 2005; He, 2001; 
Hideshima, 2005; Rosato, 2003). In neuroblastoma, the relevance of histone deacetylases 
regarding malignancy, cell cycle progression, cell differentiation and autophagy was 
highlighted (Deubzer, 2008; Lodrini, 2013; Oehme, 2009b; Oehme, 2013). In preclinical 
models of neuroblastoma, the pan-HDACi panobinostat (LBH589, Farydak®) was shown to 
inhibit the malignant properties of neuroblastoma cells (Fabian, 2014; Lodrini, 2013; Waldeck, 
2016). Since there are no clinically successful inhibitors targeting TERT or telomerase, HDACi 
like panobinostat offer an interesting approach to overcome current limitations of the therapy. 
Although a wide range of side effects was associated with HDACi treatment (Al-Hamamah, 
2019; Bruserud, 2007), a better understanding of the underlying molecular mechanisms could 
help to optimize their use as therapeutic agents. This study aimed to evaluate the potential of 
panobinostat treatment to target TERT and telomerase in models of TERT-rearranged high-risk 
neuroblastoma, and to decipher the underlying regulatory mechanisms. Panobinostat treatment 
could provide a valuable therapeutic option for the subgroup of TERT-rearranged high-risk 
neuroblastoma patients.  
 
5.1 Histone deacetylase inhibitor treatment decreases TERT levels 
and telomerase activity 
Active TERT expression is detected in about 80-90% of tumors across cancer entities and is 
commonly associated with poor prognosis (Kim, 1994a; Shay, 1997). Telomere maintenance is 
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mandatory for cancer cell’s survival, and activation or reactivation of TERT enables tumor cells 
to overcome the Hayflick limit to achieve replicative immortality, which is considered as a 
central hallmark of cancer (Hayflick, 1965). In earlier studies of neuroblastoma, telomerase 
activity has been correlated with unfavorable outcome (Hiyama, 1995). More recently, in about 
30% of high-risk neuroblastoma, genomic TERT rearrangements have been described as a 
major driver of malignancy by demonstrating a strong correlation between high TERT-
expression and telomerase activity and poor survival rates (Ackermann, 2018; Peifer, 2015; 
Valentijn, 2015). As demonstrated in colorectal carcinomas and neuroblastoma, there was no 
correlation between TERT copy number and its expression levels or telomerase activity, 
indicating that the high TERT expression is caused by the genomic repositioning and subsequent 
transcriptional upregulation of TERT, rather than by gain of TERT copy numbers (Palmqvist, 
2005; Peifer, 2015; Valentijn, 2015). The lack of telomere maintenance mechanisms in 
neuroblastoma tumors correlates with a more benign prognosis (Ackermann, 2018). The study 
presented here reveals that treatment of TERT-rearranged neuroblastoma models highly 
expressing TERT with the pan-HDACi panobinostat reduced TERT expression by 2-4.5-fold. 
The on-target effect of HDACi treatment on TERT expression was demonstrated by treatment 
with structurally different pan-HDACi and HDAC1/2 inhibitors, showing that TERT repression 
is a common event upon HDAC inhibition in TERT-rearranged neuroblastoma cell lines. In 
normal human renal cortical epithelial cells and foreskin fibroblasts, trichostatin A treatment 
transcriptionally activated TERT expression and induced telomerase activity (Takakura, 2001). 
TERT downregulation after treatment with HDACi trichostatin A was shown in prostate cancer 
(Suenaga, 2002), liver cancer (Nakamura, 2001) and brain tumor cell lines (Rahman, 2010). 
Treatment with HDACi B1 repressed telomerase in lung adenocarcinoma cells via 
downregulation of STAT3, a transcription factor known to regulate TERT expression (Cheng, 
2017b). Together, this points to a major role of HDACs in the regulation of TERT in healthy 
and malignant tissue. 
In this study, TERT protein levels were demonstrated to decrease after panobinostat treatment. 
Although several publications present TERT immunoblotting (Bui, 2019; Iannilli, 2013), 
western blot analysis of the full length protein of about 127 kDa is technically challenging. The 
protein seems to degrade easily in absence of its native template TERC and was shown to form 
functional dimers, impeding analysis of the TERT monomer (Sauerwald, 2013). By using a 
TERT overexpressing plasmid, antibody specificity was validated. Decreasing TERT levels 
were demonstrated after pan-HDACi treatment in rat aortic vascular smooth muscle cells (Qing, 
2016). More importantly, the functional consequence of decreasing TERT levels after HDACi 
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treatment was demonstrated here by detection of reduced activity of the telomerase 
holoenzymatic complex. 
Telomere maintenance is a major driver of malignancy in neuroblastoma (Ackermann, 2018) 
and the pharmacologic targeting of TERT and telomerase with small-molecules is currently 
under clinical investigation (Relitti, 2020; Salloum, 2016; Thompson, 2013). Most of these 
inhibitors directly bind to the catalytic center or the periphery of TERT or the telomerase 
holoenzymatic complex (Lavanya, 2018; Yan, 2019). Imetelstat (GRN163L) is a specific and 
one of the most developed telomerase inhibitors in phase I and II clinical trials targeting the 
TERC RNA. In a clinical phase II study in children with recurrent CNS malignancies, treatment 
with imetelstat before surgical resection of the tumors resulted in grade 3/4 toxicities including 
thrombocytopenia, lymphopenia and neutropenia, and overall proved too toxic (Salloum, 
2016). During embryogenesis and development, TERT and telomerase are important for normal 
development, but in most adult somatic tissue, TERT expression and telomerase activity are 
repressed and are only detectable in stem and germline cells (Collins, 2002). There are 
additional cell survival and stress resistance beneficial roles of telomerase in the cell, which are 
abrogated after its repression, probably explaining the observed toxicities upon 
pharmacological inhibition of telomerase (Ahmed, 2008). For neuroblastoma patients harboring 
TERT-rearranged tumors with high TERT levels and telomerase activity, HDACi treatment 
presents a promising therapeutic option to reduce TERT expression and telomerase activity. In 
this study, telomerase repression was similar in the TERT-rearranged and MYCN-amplified 
neuroblastoma cell lines treated with panobinostat, suggesting that panobinostat treatment 
could also be beneficial for patients with tumors harboring MYCN amplification. 
TERT is the major component of the telomerase holoenzymatic complex and contains the 
catalytic subunit. In breast cancer cells, transient knockdown of TERT expression resulted in 
reduced telomerase activity, while knockdown of other telomerase subunits as the RNA 
template TERC or TP1 was not decreasing activity of the complex (Rubis, 2013). Telomerase 
repression was demonstrated in liver cancer cells treated with HDACi (Nakamura, 2001) and 
in brain tumor cells treated with HDACi trichostatin A, with no toxicity to normal brain tissue 
function (Rahman, 2010). This highlights the potential utility of panobinostat treatment in 
patients presenting with telomerase-positive tumors. Reduced activity of the telomerase 
complex might result in limited ability of cancer cells to undergo cell division and replicative 
immortality may be lost, reducing tumorigenicity. In this study, telomerase activity was 
stronger repressed after panobinostat treatment in TERT-rearranged xenograft tumors than in 
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the cell culture models, although reduction of TERT mRNA expression was comparably 
reduced in the TERT-rearranged in vitro and in vivo neuroblastoma models. There might be 
additional factors like posttranscriptional modifications of the TERT protein or of other 
subunits of the telomerase complex (Kharbanda, 2000; Kim, 2005a), probably explaining the 
strong reduction of telomerase activity after several weeks of panobinostat treatment. The 
xenograft tumors were treated for about three to four weeks with panobinostat, whereas this 
long treatment was not applicable in cell culture at comparable concentrations. Post-
transcriptional and -translational modifications, targeted decay of the TERT protein, repression 
of further subunits of the telomerase complex or other factors might contribute to reduced 
telomerase activity after long-term treatment with panobinostat. As demonstrated in breast 
cancer cells, alternative splicing events result in a product termed β-deletion of the TERT 
transcript, coding for a truncated TERT protein that lacks most of the reverse transcriptase 
activity (Listerman, 2013; Wong, 2013). Phosphorylation (Kharbanda, 2000) or ubiquitination 
(Kim, 2005a) of TERT were found to be associated with decreased telomerase activity. 
Alternative splicing or post-translational modifications of TERT might contribute to decreasing 
TERT and telomerase levels after HDACi treatment. Further studies investigating the fate of 
the TERT mRNA transcript are necessary to address these possible regulatory pathways induced 
by panobinostat treatment. Taken together, the evidence obtained here demonstrate the 
reduction of TERT levels and telomerase activity by panobinostat treatment in vitro and in vivo 
models of TERT-rearranged neuroblastoma. Panobinostat treatment could present a potential 
way to target telomerase in neuroblastoma patients presenting with telomerase-positive tumors. 
As telomere maintenance is given in most cancers and generally considered as one of the 
hallmarks of cancer, it would be worthwhile to investigate if panobinostat treatment reduces 
TERT levels and telomerase activity in other telomerase-positive cancer entities as well. 
 
5.2 HDAC1 and HDAC2 mediate TERT repression 
Treatment with broad-spectrum pan-HDACi is accompanied by divert side effects like 
neutropenia, thrombozytopenia, diarrhea or fatigue (Afifi, 2015; Eckschlager, 2017). 
Application of more selective HDACi could help to reduce these undesired side effects. 
Downregulation of TERT mRNA was mediated by inhibition of HDAC1 and HDAC2, as 
demonstrated by mocetinostat, romidepsin and Santacruzamate A treatment. Additionally, 
transient knockdown of HDAC1 and HDAC2 significantly reduced TERT expression. 
Nevertheless, it might still be possible that the other HDACs have further minor contributions 
Discussion    111 
 
in the regulation of TERT. Since HDACs also deacetylate non-histone proteins like p53, 
GATA4, E2F1 and NF-κB, the inhibition of HDACs might also trigger pathways independent 
of their function as epigenetic erasers (Kelly, 2013). HDAC knockdown induces different 
phenotypes dependent on the respective cell line (Turtoi, 2015). The participation of HDAC1 
and HDAC2 as subunits of the Sin3B and CoREST corepressor complex were shown to repress 
TERT expression in normal fibroblasts, with trichostatin A treatment inducing TERT expression 
(Cheng, 2017a). As subunits of the chromatin binding complexes SIN3A/B, NuRD and 
CoREST, HDAC1 and HDAC2 are essential for global gene transcription and their inhibition 
has severe impact on gene expression (Kelly, 2013; Zhao, 2014). In cancer, HDAC expression 
is dysregulated with class I HDACs and HDAC6 found to be predominantly upregulated 
(Bolden, 2006; Ropero, 2007). Sharma and colleagues identified HDAC1 and HDAC2 to 
influence global mRNA stability. Reduced protein deacetylation mediated by HDAC1/2 
inhibition resulted in acetylated CAF1 of the CCR4-CAF1-NOT deadenylase complex, and 
active degradation of poly(A) tails of global RNA pools (Sharma, 2016). The involvement of 
HDAC1/2 in the acetylation of the CAF-1 subunit after panobinostat treatment should be further 
elucidated and could help to explain the reduction of TERT levels after HDACi treatment. 
Structural similar HDAC1 and HDAC2 were shown to compensate each other in their function 
(Montgomery, 2007). After transient knockdown of either HDAC1 or HDAC2, no response in 
RNA or protein levels of the other HDAC was observed in this study. Examining a connection 
of individual HDACs on the regulation of TERT expression, the role of HDACs in the regulation 
of TERT is highly complex with multiple signaling pathways possibly mediating its repression. 
In conclusion, HDACi treatment revealed a major participation of HDAC1 and HDAC2 in the 
regulation of TERT expression in TERT-rearranged neuroblastoma cells. Further analysis of 
HDAC1 and HDAC2 at the TERT locus could shed light on the regulation of TERT after 
panobinostat treatment, for example by applying chromatin immunoprecipitation of HDAC1 
and HDAC2 followed by sequencing. Application of more specific HDACi for the treatment of 
neuroblastoma patients could help to diminish unspecific side effects and toxicities of the 
therapy. 
Since cancer cells have shorter telomeres than somatic cells due to their enhanced proliferation 
rate, evaluation of telomere length after panobinostat treatment could provide further insides 
into telomere maintenance in neuroblastoma (Okamoto, 2019). Disabling cancer cells to 
maintain their telomeres via TERT or telomerase inhibition could provide a promising approach 
to induce senescence and apoptosis in these cells. In addition, induction of the second pathway 
of telomere maintenance termed alternative lengthening of telomeres (ALT), might become 
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activated after telomerase inhibition, and circumvent entering replicative crisis (Hu, 2012). In 
a clinical perspective, it might become necessary to target both pathways to induce telomeric 
crisis. Ataxia telangiectasia- and RAD3-related (ATR) protein inhibitors are promising 
candidates to target ALT and could be applied in combination with TERT/telomerase inhibitors 
(Deeg, 2016; Flynn, 2015). Short-term treatment of liver cancer cells with HDACi did not show 
telomere shortening (Nakamura, 2001), and did not increase telomere length in ALT-positive 
transformed cell lines (Jung, 2013). Whether panobinostat treatment reduces telomere 
lengthening and prevents activation of ALT in long-term experiments remains to be 
investigated. In summary, inhibition of HDAC1 and HDAC2 reduces TERT expression and 
telomerase activity in models of TERT-rearranged neuroblastoma. 
 
5.3 Enforced TERT expression attenuates HDACi induced 
antitumoral phenotype 
TERT expression resulting in telomerase activation enables cancer cells to replicate indefinitely 
(Akincilar, 2016). Telomere maintenance is proposed as novel mechanistic classification 
correlating with poor prognosis of neuroblastoma patients (Ackermann, 2018). Since TERT 
expression is detected in stem cells and germline cells that have long or indefinite lifespan, its 
expression per se is not sufficient to induce malignant transformation (Boehm, 2005). 
Increasing TERT levels with overexpressing plasmids has been investigated to promote number 
of cell divisions and to increase lifespan of non-mutagenic and neuroblastoma cell lines 
(Bodnar, 1998; Samy, 2012). Enforced TERT expression enhances cell proliferation rate and 
increases telomerase activity (Artandi, 2002; Ramunas, 2015). HDACi treatment did not 
influence TERT expression of the plasmid used in this study, enabling to dissect the role of 
TERT expression on cell viability in the cell line model. This study reveals that upon HDACi 
treatment, transient enforced TERT expression resulted in increased cell viability and number 
of cells, partially rescuing the anti-tumor effects induced by HDAC inhibitor treatment, 
underlining the importance of TERT for cell viability in TERT-rearranged neuroblastoma cancer 
cells. Telomere shortening induces senescence or apoptosis after multiple replication cycles, 
when the telomeric ends fall below the critical length. Short-term inhibition of TERT had no 
impact on telomere length, but induced cell cycle arrest and apoptotic response (Celeghin, 
2016). The proposed novel classification of neuroblastoma highlights the importance of 
telomere maintenance in tumor progression and treatment success, but an upcoming number of 
reports demonstrate the participation of TERT in pathways independent of its telomerase 
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function (Ackermann, 2018). Several reports on the non-canonical functions of TERT 
moonlight its role in resistance response to several lethal stresses (Lee, 2008), induction of cell 
proliferation in resting stem cells (Sarin, 2005) or as mediator of the Wnt/β-catenin and NF-κB 
signaling pathways (Ghosh, 2012a; Park, 2009). Genetically modified cancer cells with 
abolished TERT expression might rely on essential pathways in cancer mediated by TERT, 
independent of its role in telomere maintenance (Koh, 2015). In a model of MYCN-amplified 
neuroblastoma, abolished telomerase activity resulted in less tumorigenic cells that were more 
prone to apoptosis and attenuated xenograft tumor growth in long-term experiments (Samy, 
2012). TERT knockdown or knockout models could augment current understanding of the role 
of TERT expression in neuroblastoma. Together, this study demonstrates that enforced TERT 
expression attenuates the HDACi induced antitumoral phenotype in TERT-rearranged high-risk 
neuroblastoma cells.  
 
5.4 Chemotherapeutics or targeted drugs do not repress TERT and 
telomerase 
Chemotherapy is a harsh therapeutic option, which remains the gold standard in most cancer 
entities. Chemotherapeutic agents like platinum derivatives, anthracyclines or taxanes act 
unspecific on mitotic cells and affect somatic cells as well as cancer cells (Agarwal, 2016). 
Common side effects of chemotherapy such as nausea, fatigue and impairments of the nervous 
system can be addressed by supportive therapy but remain a challenge. Targeted agents could 
help to reduce side effects of the treatment and increase selectivity towards cancer cells. In this 
study, temozolomide and doxorubicin from the RIST and NB2004 study protocols for treatment 
of neuroblastoma patients were used for the analyses. In addition, oxaliplatin as first-line 
chemotherapeutic and the preclinical compound I-BET762 were investigated as representatives 
for chemotherapeutic or targeted compounds used in first-line therapy or in preclinical models 
of high-risk neuroblastoma. Treatment of TERT-rearranged neuroblastoma cells with these 
compounds did not impair TERT expression or telomerase activity at clinically relevant 
concentrations, except for doxorubicin reducing TERT expression in GI-ME-N cells. Although 
reducing the cell viability, these agents display their cytotoxic potential independent of TERT. 
The TERT-rearranged GI-ME-N cells are classified as mesenchymal-like neuroblastoma cells, 
whereas CLB-GA cells reflect an adrenergic-like cell profile (Boeva, 2017). Mesenchymal cells 
were demonstrated to be more resistant to chemotherapy and to probably account for minimal 
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residue disease, probably giving to relapse after therapeutic intervention (van Groningen, 2017). 
The antitumoral effect induced by treatment with the selected chemotherapeutic or targeted 
compounds showed to be more effective towards CLB-GA cells than GI-ME-N cells, and lower 
concentrations were used for treatment of CLB-GA cells. This could correlate with the 
observation that mesenchymal-like cells show to be more resistant to drugs applied in 
neuroblastoma therapy such as cisplatin, doxorubicin or etoposide, than an adrenergic 
counterpart (van Groningen, 2017). The importance of TERT in regard to therapy resistance 
was shown in osteosarcoma cells, where TERT was reported to inhibit cisplatin-induced 
apoptosis (Zhang, 2017b). Targeting TERT could increase vulnerability of cancer cells towards 
chemotherapeutic or target therapy. In pancreatic cancer, regulators of epithelial-mesenchymal 
transition (EMT) maintain drug resistance against chemotherapeutic agents and could serve as 
an interesting target for therapeutic intervention (Arumugam, 2009). It would be interesting to 
investigate the role of TERT repression after HDAC inhibition on regulators of EMT in 
preclinical models of high-risk neuroblastoma, and if resistant clones potentially giving rise to 
MRD can be diminished by targeting TERT and telomerase with HDACi treatment. Further, 
differentiation of neuroblastoma cells into benign forms is highly desirable and can be mediated 
by treatment with 13-cis-retinoic acid (Haas, 1988; Reynolds, 2003; Sidell, 1982; Thiele, 1985). 
TERT is expressed in human stem cells, while repression of TERT during cell differentiation is 
observed (Liu, 2004). In neuroblastoma, inhibition of HDAC1/2 was shown to induce cell 
differentiation (Frumm, 2013), and in high-risk neuroblastoma, TERT expression was 
demonstrated to be reduced after induced cell differentiation, potentially contributing to reduce 
malignancy (Bui, 2019; Das, 2009). In this study, it was observed that the mesenchymal-like 
GI-ME-N cells changed their morphology towards a more differentiated phenotype after 
HDACi treatment (data not shown). It would be interesting to investigate whether inhibition of 
HDAC1/2 induces differentiation in mesenchymal-like TERT-rearranged neuroblastoma cells 
towards an adrenergic profile. This would open up new perspectives for subsequent 
combination therapy, as adrenergic cell lines are more vulnerable towards treatment with 
chemotherapeutic agents. Together, this study revealed that the analyzed standard 
antineoplastic and targeted agents applied in clinical or preclinical neuroblastoma treatment 
showed no reduction of TERT levels and telomerase activity in TERT-rearranged cell lines. 
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5.5 Panobinostat treatment represses TERT and telomerase in 
TERT-driven neuroblastoma xenograft mouse models 
The assessment of novel drugs as stand-alone or combination therapy requires preclinical 
models that closely resemble the primary tumors. The antitumoral efficacy of panobinostat and 
other HDACi has been demonstrated in various cancer models including MYCN-amplified 
neuroblastoma (He, 2001; Helland, 2016; Lodrini, 2013). Xenograft mouse models of TERT-
rearranged GI-ME-N and CLB-GA cells are underrepresented in neuroblastoma xenograft 
studies (Mandriota, 2015). This study demonstrates that panobinostat treatment reduces 
xenograft tumor growth, TERT expression and telomerase activity in TERT-rearranged 
xenograft models. This sustains data from the in vitro experiments of this study. The results of 
the GI-ME-N and CLB-GA xenograft mouse studies were confirmed in a second independent 
cohort of each model, highlighting the efficacy of panobinostat treatment on TERT and 
telomerase repression in TERT-rearranged high-risk neuroblastoma models. Reduced 
expression of TERT was also observed in MYCN-amplified xenograft tumors treated with 
panobinostat (Lodrini, 2013), highlighting the TERT-repressive efficacy of panobinostat in 
other telomerase-positive neuroblastoma high-risk groups (data not shown). 
Mesenchymal-like neuroblastoma cells were demonstrated to be more resistant to 
chemotherapy and to probably account for minimal residue disease (van Groningen, 2017). 
Regarding the different transcription profiles of the cell models, the mesenchymal-like 
GI-ME-N xenograft model showed good response to panobinostat therapy, offering a prospect 
to diminish the risk of relapse. Whether panobinostat treatment reduces the risk of relapse is to 
be investigated in future long-term experiments. 
Panobinostat is one of the most potent pan-HDACi in clinical application, presented here to 
reduce TERT expression and telomerase activity in vitro and in vivo models of TERT-rearranged 
neuroblastoma. It has a long elimination time and causes prolonged hyperacetylation of histone 
proteins (Singh, 2016; Tate, 2012). Long-term treatment of panobinostat has been investigated 
in models of MYCN-amplified high-risk neuroblastoma. In the TH-MYCN mouse model, 
terminal-differentiation of tumors to benign ganglioneuromas after nine weeks of treatment and 
prolonged survival were demonstrated (Waldeck, 2016). The continuous treatment with 
panobinostat questions current therapy schedules including only short-period treatment with 
HDACi. Further, hydroxamate-based HDACi like panobinostat have been described to induce 
DNA mutations (Al-Hamamah, 2019; Munakata, 1980; Prince, 2009; Wang, 1977). Up to now, 
hydroxamates are a major class of HDACi because of their high zinc-chelating capability, 
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isoform selectivity, and in vivo efficacy (Shen, 2016). Applying mutagen therapeutics to 
patients needs a careful risk-benefit assessment and their medical use should be weighted 
against the hazards of carcinogenesis. Panobinostat has been applied in preclinical models of 
neuroblastoma, but its application in models of the TERT-rearranged high-risk subgroup had 
not been evaluated before. Currently, there are several pediatric applications of panobinostat 
under investigation in clinical phase I-II trials (NIH, 2020), but its mutagenic potential still 
needs to be carefully evaluated. Addressing that issue, whole exome sequencing (WES) 
analyses of xenograft tumors of the preventive treatment schedules are currently under 
investigation in our laboratory. Alternatively, structurally different HDACi like the cyclic 
peptide romidepsin could serve as non-mutagenic therapeutic option. Specific HDACi targeting 
HDAC1/2 like romidepsin, mocetinostat and Santacruzamate A were demonstrated here to 
reduce TERT expression in vitro. Applying selective HDACi for the treatment of TERT-
rearranged neuroblastoma provides an interesting approach to target TERT and telomerase on 
the one hand and reduce the toxic side effects of the treatment on the other hand. 
Potential therapeutics often fail when translated from in vitro to in vivo models. A changed 
microenvironment, reduced uptake and metabolization of drugs diminish plasma levels and 
therapeutic success. Here, it was demonstrated that a reduction of the initial 15 mg/kg/d 
panobinostat to half of the dose resulted in comparable outcome, reducing toxic side effects of 
the treatment. The chosen concentration of 15 mg/kg/d panobinostat is in the spectrum of 
therapeutically effective doses of 5-25 mg/kg/d (Helland, 2016; Hennika, 2017; Shahbazi, 
2016; Waldeck, 2016) and is achievable in patient plasma levels (Rathkopf, 2010b; Van Veggel, 
2018). Upon panobinostat treatment, the observed side effects in xenografted mice here were 
weight loss of a maximal of about 5% and mild diarrhea, as described in previous studies 
(Floris, 2009; Hennika, 2017). In contrast, no significant bodyweight loss was described in 
mouse models receiving 7.5-15 mg/kg/d panobinostat (Helland, 2016). Reduction of 
bodyweight upon treatment may be strain-specific and might additionally depend on the 
administration route. Compared to other drugs used in cancer therapy, the side effects of 
panobinostat treatment are manageable and are usually reversible (Greig, 2016). 
GI-ME-N xenograft tumor growth was slow and tumor engraftment was successful three month 
after transplantation, impeding the experimental schedule. This maybe explains that GI-ME-N 
xenograft models are underrepresented in the literature and showed slow growth in control-
transfected GI-ME-N xenograft tumors (Mandriota, 2015). CLB-GA xenograft models have 
been investigated in few studies (Huang, 2020; Provost, 2016; Regairaz, 2016). Many studies 
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use xenograft tumor volumes of 50 mm³ at onset of treatment, but this may overestimate a 
potential effect of the treatment (Wong, 2019). On the one hand, smaller tumors might not have 
reached their replicative potential and show slow progression in cell cycle, being more 
vulnerable to external stressors. On the other hand, in large and highly proliferating tumors a 
potential effect of the drug might be extinguished. In the preventive treatment schedule of this 
study, a tumor volume of about 150 mm³ was chosen for induction of treatment, assuring 
successful tumor engraftment. In the therapeutic treatment schedule, tumor volumes of about 
300 mm³ were used to investigate highly proliferating tumors. Each condition represented a 
balanced mean reflecting the desired clinical outset upon therapeutic intervention. Although 
tumors were larger and highly proliferative at onset of the therapeutic treatment schedule, 
panobinostat treatment repressed TERT expression and telomerase activity and arrested 
xenograft tumor growth. 
Patient derived xenograft (PDX) models reflect the heterogeneous biology of patient tumors 
much closer than established cell culture models (Jung, 2018). In this study, a TERT-rearranged 
neuroblastoma PDX could not be investigated due to insufficient tumor growth. Instead, 
subcutaneous xenograft mouse models of TERT-rearranged neuroblastoma cells were 
evaluated. Further experiments in PDX models generated from patient tumor material could 
help to assess the TERT repressive phenotype and antitumoral efficacy of panobinostat in these 
heterogeneous models of patient tumors. In summary, this study demonstrates that panobinostat 
treatment represses TERT expression, telomerase activity and harbors antitumoral efficacy in 
TERT-rearranged high-risk neuroblastoma models following preventive and therapeutic 
treatment schedules. These effects of panobinostat treatment have not been previously 
described in models of TERT-rearranged high-risk neuroblastoma and might be translated to 
patients with TERT-rearranged neuroblastoma still facing poor survival rates today. 
 
5.6 Panobinostat and bortezomib synergistically reduce cell 
viability in models of TERT-rearranged neuroblastoma 
In cancer therapy, application of monotherapy will most likely result in acquired therapy 
resistance of tumor cells since they can adapt to the selective pressure of monotherapy 
(Jagadeeshan, 2019). Therefore, the efficacy of combinatorial intervention combining 
panobinostat and established treatment elements such as conventional anti-neoplastic 
chemotherapeutic agents, or targeted (preclinical) drugs in 2D and 3D cell culture models was 
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investigated. Investigation of 3D cell culture models reflects better the environment of a solid 
tumor, and can built a rationale for subsequent in vivo analyses. In an unbiased screen of FDA-
approved therapeutics, the proteasome was identified to be a promising target in MYCN-driven 
neuroblastoma (Wang, 2019). The proteasomal inhibitor bortezomib (Velcade®) in 
combination with panobinostat is approved for treatment of relapsed or refractory multiple 
myeloma and showed prolonged survival of patients (Afifi, 2015). The combination of 
panobinostat and bortezomib resulted in synergistic decrease of cell viability in TERT-
rearranged neuroblastoma cell line models (R. Linke, Medical Dissertation, work in progress). 
Reduced TERT mRNA expression and telomerase activity after bortezomib treatment were 
described in multiple myeloma, erythroid leukemia and gastric cancer (Ci, 2015; Weiss, 2012). 
Moreover, the combination of HDACi valproic acid and bortezomib was shown to reduce TERT 
expression and telomerase activity in myeloid leukemia cells (Nie, 2012). In contrast, this study 
in TERT-rearranged neuroblastoma cells revealed that bortezomib treatment alone had no major 
effect on TERT levels and telomerase activity, and showed no synergistic effect on TERT 
expression and telomerase activity when combined with panobinostat. As demonstrated in 
glioblastoma stem-like cells and ovarian cancer cells, the combination of HDACi and 
bortezomib act synergistically on cell viability, sustaining the results of this study (Asklund, 
2012; Janyst, 2018). RNA sequencing studies of the combination therapy approach in GI-ME-N 
and CLB-GA are currently under investigation in our laboratory, contributing to the 
identification of pathways alternatively regulated by panobinostat and bortezomib treatment. 
In this study, a pilot xenograft mouse study assessing the combination of panobinostat with 
bortezomib was performed. The treatment schedule was not implemented by the company as 
outlined by our laboratory. Accordingly, tumor growth of individual animals within one study 
group showed strong discrepancies. Nevertheless, no severe toxicities of the combination 
treatment were observed in this first investigation. Future studies in xenograft or PDX models 
are necessary to assess the potency of the combination therapy of panobinostat and bortezomib 
in preclinical models of TERT-rearranged high-risk neuroblastoma. 
Telomere maintenance mechanisms define a novel subgroup of high-risk neuroblastoma 
patients (Ackermann, 2018). Additional alterations of RAS and/or p53 signaling pathways 
worsen the prognosis and form the ultra high-risk group with a high likelihood of death from 
disease (Ackermann, 2018). Compounds targeting RAS/p53 pathway show promising effects 
in preclinical models of neuroblastoma and represent a therapeutic option worthwhile 
investigating in TERT-rearranged high-risk neuroblastoma (Hart, 2017; Infarinato, 2016). 
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Inhibitors of ALK are currently under clinical investigation to impair RAS signaling pathway, 
although resistance to therapy is one major risk of the treatment (Dagogo-Jack, 2018). The 
investigated CLB-GA cell line harbors an ALK R1275Q mutation. Recent studies demonstrate 
a good response of ALK inhibitors combined with p53-restoring agents, which might be 
enhanced in combination with panobinostat treatment (Miyazaki, 2018). Panobinostat in 
combination with Wee1 inhibitor adavosertib (MK-1775), cisplatin, doxorubicin or etoposide 
are further interesting candidates shown to synergistically reduce neuroblastoma tumor cell 
viability (Hanmod, 2015; van Groningen, 2017; Wang, 2013; Zareifar, 2019). High-risk 
neuroblastoma xenograft tumors showed good response to combination therapy of panobinostat 
and THZ1, a CDK7 inhibitor (Wong, 2019), and in MYCN-amplified neuroblastoma, combined 
treatment with panobinostat and the BETi JQ1 showed synergistic induction of anticancer 
effects (Shahbazi, 2016). In addition, GI-ME-N and CLB-GA cells express programmed death-
ligand 1 (PD-L1) antigen on their cell surface (data not shown), a druggable target applying 
PD-L1 inhibitors. Immunotherapy could augment current treatment schedules and help 
improving patient survival rates. Aiming for an optimized therapy schedule including pre-
treatment or co-treatment with HDACi like panobinostat, combination therapy can result in a 
stronger response to therapy than single agent treatment, reduce the risk of resistance against 
therapeutics and might be applied at less toxic doses, reducing undesired side effects of the 
therapy. Optimization of current neuroblastoma treatment protocols including panobinostat 
presents a rationale for future investigations to identify synergistic combinations to reduce dose 
and toxicity of the treatment. In this study, the proteasomal inhibitor bortezomib in combination 
with panobinostat was demonstrated to synergistically reduce cell viability in models of TERT-
rearranged neuroblastoma. 
 
5.7 BET inhibitor treatment has no influence on TERT levels and 
telomerase activity in TERT-rearranged neuroblastoma cells 
Amplification of the MYCN gene stratifies neuroblastoma patients to the high-risk subgroup, 
with currently no convincing therapy inhibiting MYCN in a clinical setting (Moreno, 2017). 
Treatment with BET inhibitors results in reduced MYCN expression in MYCN-amplified 
neuroblastoma models (Henssen, 2016). MYCN expressing neuroblastoma are characterized by 
high TERT expression and telomerase activity, with TERT-rearranged neuroblastoma showing 
even higher levels of TERT expression and telomerase activity (Peifer, 2015). This study 
revealed that TERT and MYCN mRNA expression were reduced after panobinostat treatment in 
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TERT-rearranged cell lines (data not shown), sustaining data in neuroblastoma cells without a 
TERT rearrangement that HDACi treatment suppresses MYCN (Deubzer, 2008; Shahbazi, 
2016; Wong, 2019). Downregulation of telomerase activity driving neuroblastoma malignancy 
provides a promising treatment approach, not limited to the TERT-rearranged subgroup. 
Interestingly, in this study it was demonstrated that BET inhibitor treatment at clinically 
relevant concentrations applying JQ1, I-BET762 and OTX015 did not influence TERT mRNA 
expression in TERT-rearranged neuroblastoma cell lines, supporting the assumption that TERT 
expression is not primarily dependent on MYCN in this subgroup. Further, telomerase activity 
was not altered after treatment with BRD2-4 inhibitor I-BET762 in these models. BRD4 is an 
epigenetic reader recognizing chromatin and lysine-acetylated histones. In fibroblasts and HeLa 
cells, telomerase activity was not altered after BRD4 inhibition but telomeres were shortened 
in long-term experiments (Wang, 2017). In contrast, a recent study presents BET inhibitors JQ1 
and AZD5153  to downregulate TERT expression in TERT-rearranged neuroblastoma models, 
mediated by BRD4 inhibition (Huang, 2020). In the study presented here, there was no evidence 
that BRD4 inhibition influences TERT levels in the CLB-GA neuroblastoma cell line, that was 
also used in the study by Huang and colleagues (Huang, 2020). Although treatment period and 
concentrations were comparable in both studies, further investigations are necessary to explain 
the contrasting findings. In the study presented here, treatment with BETi I-BET762 revealed 
no reduction of telomerase activity at a comparable concentration and treatment period, 
questioning the report that BETi treatment reduces TERT and telomerase activity in TERT-
rearranged neuroblastoma cell lines (Huang, 2020). Determination of telomere length in long-
term treatment experiments will contribute to our understanding of telomerase activity and the 
influence of HDAC and BET inhibition on telomere maintenance in high-risk neuroblastoma. 
Further preclinical studies are necessary to investigate whether patients with TERT-rearranged 
tumors would benefit from BET inhibitor treatment. In this study, there was no evidence that 
BET inhibitor treatment represses TERT expression or telomerase activity in models of TERT-
rearranged high-risk neuroblastoma. 
 
5.8 Panobinostat treatment reduces malignancy of neuroblastoma 
cell lines 
Replicative immortality is considered as one of the hallmarks of cancer (Low, 2013). HDAC 
inhibition was demonstrated to reduce malignancy in high-risk neuroblastoma models (Fabian, 
2014; Lodrini, 2013; Thole, 2017). The efficacy of drug treatment varies among the particular 
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lineages and genomic backgrounds. A panel of six cell lines representing MYCN-amplified, 
TERT-rearranged and cell lines lacking those alteration were investigated in this study. 
Panobinostat treatment was demonstrated here to have antitumoral efficacy towards 
neuroblastoma cells of different genetic background at low nanomolar concentrations. There 
was no correlation between genotype and metabolic activity, suggesting that the antitumoral 
efficacy of panobinostat is independent of MYCN and TERT status in the selected cell line panel. 
One major characteristic of cancer cells is their potential to form colonies from single cell state. 
Decreasing the ability of colony formation is considered to reduce tumor cell migration and 
metastasis formation. This study revealed that in TERT-rearranged cell lines, colony formation 
is severely impaired after panobinostat treatment. This might partially depend on reduced 
TERT-expression induced by HDACi treatment. Reduced colony formation capacity after 
panobinostat treatment has been reported in many cancers including neuroblastoma, 
underlining the antineoplastic features of the pan-HDACi (Fabian, 2014; Helland, 2016; 
Shahbazi, 2016). In TERT-expressing melanoma and thyroid gland cancer cell line models, 
knockdown of TERT resulted in reduced colony formation (Liu, 2018). One candidate that was 
identified to be involved in colony formation, cell survival, proliferation, and motility in various 
cancers including MYCN-amplified neuroblastoma was the focal adhesion kinase (FAK) 
(Beierle, 2007; Lee, 2012; Stafman, 2019; Waters, 2014). As MYCN induces FAK expression, 
the repression of MYCN by HDAC inhibitor treatment might result in reduced FAK levels and 
diminish the malignant phenotype (Beierle, 2007). Future studies will be necessary to assess 
the role of FAK on malignancy in TERT-rearranged neuroblastoma cell lines, which are not 
MYCN-amplified. 
In this study, it was demonstrated that panobinostat treatment reduced proliferation of TERT-
rearranged neuroblastoma cells. In MYCN-amplified neuroblastoma cells, HDACi treatment 
resulted in reduced cell proliferation, cell cycle arrest and induction of apoptosis (Lodrini, 2013; 
Muhlethaler-Mottet, 2008; Subramanian, 2007). In various cancer cell lines, TERT was 
demonstrated to increase cell proliferation by promoting RNA polymerase III-mediated 
expression of transfer RNAs (tRNA) (Khattar, 2016), and promoted the progression of cancer 
by regulating MYC stability and MYC-dependent oncogenesis, independent of its reverse 
transcriptase activity (Koh, 2015). TERT was demonstrated to bind to the RPC32 subunit of 
the RNA polymerase III complex, augmenting the expression of tRNAs and subsequently 
increasing the protein synthesis and proliferative abilities of cancer cells (Khattar, 2016). 
Targeting TERT with the HDACi panobinostat reducing TERT expression might decrease tRNA 
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expression and cell proliferation, partially contributing to the reduction of colony formation and 
cell proliferation after treatment. 
Various chemotherapeutics or targeted drugs applied in cancer therapy base on the induction of 
apoptosis by the treatment. The programmed cell death is tightly controlled with multiple 
checkpoints to be passed until initiation. In tumors, many genes involved in apoptosis induction 
and progression are repressed, disabling the induction of apoptosis. Inhibition of HDACs is 
associated with induction of apoptosis, autophagic cell death and necrosis (Ellis, 2009; Hsu, 
2011; Kabeya, 2000; Waldeck, 2016). The induction of apoptosis in cancer cells is highly 
desired, since this process is not only dependent on external stimuli as the immune system, 
which is often impaired by the therapy itself (Gardner, 1999). The study presented here 
demonstrates that panobinostat treatment resulted in decreased cell viability, induction of 
protease-mediated apoptosis and increase in sub-G1 fraction in TERT-rearranged cell line 
models. The regulation of apoptosis by HDACi has been demonstrated to be mediated by up‐
regulation of the pro‐apoptotic proteins Bcl-2-interacting mediator of cell death (BIM) (Zhang, 
2004) and Bcl-2-modifying factor (BMF) (Inoue, 2007). In addition, downregulation of the 
anti‐apoptotic proteins B-cell lymphoma 2 (Bcl‐2) and Induced myeloid leukemia cell 
differentiation protein Mcl-1 (Mcl‐1) (Zhang, 2004) were demonstrated. The degree of 
regulation is depending on the cellular context and the applied HDACi (Matthews, 2012). It 
remains to be explored whether panobinostat treatment influences expression of BIM, BMF, 
Bcl-2 and Mcl-1 in TERT-rearranged neuroblastoma cells, thereby decreasing their tumorigenic 
features. 
Furthermore, treatment with panobinostat and specific telomerase inhibitors BIBR1532 and 
costunolide was shown here to reduce cell viability, with panobinostat treatment showing 
antitumoral efficacy at low nanomolar concentrations. Telomerase inhibitors BIBR1532 and 
costunolide were shown to induce apoptosis partially via induction of caspase-3-dependent 
apoptotic cell death, possibly linking the panobinostat-mediated decrease of telomerase activity 
to the pro-apoptotic effect of panobinostat treatment (Celeghin, 2016; Pourbagheri-Sigaroodi, 
2019; Yan, 2019). Since application of these specific inhibitors of telomerase did not show 
convincing results in preclinical studies (Relitti, 2020), treatment with the HDACi panobinostat 
provides a promising option to target TERT and induce apoptosis in TERT-rearranged 
neuroblastoma (Waldeck, 2016). In contrast, several therapeutics from the RIST and NB2004 
study protocols such as dasatinib or temozolomide showed no reduction of cell viability in 
TERT-rearranged neuroblastoma cells (data not shown). In hepatocellular cancer cells, transient 
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knockdown of TERT resulted in cell cycle arrest and induction of apoptosis (Shen, 2018). These 
results emphasize the crucial role of TERT expression for the survival and malignant properties 
of cancer cells and highlight the need for therapeutic intervention. Together, this study 
demonstrates that panobinostat reduced malignancy and induced apoptosis in TERT-rearranged 
neuroblastoma cell lines, showing antitumoral efficacy superior to several therapeutics 
currently applied in neuroblastoma therapy. The application of panobinostat treatment to 
patients presenting with TERT-rearranged tumors provides a promising approach to reduce the 
malignancy of neuroblastoma tumors and could augment current therapy schedules. 
 
5.9 Panobinostat treatment induces changes in cell cycle profile 
HDAC inhibitor treatment has been described to induce cell cycle arrest and cell death via 
regulation of transcription factors p53, E2F, c‐Myc, NF‐κB, as well as the extracellular signal‐
regulated kinase 1/2, Wnt signaling pathways, Notch and phosphatidylinositol 3‐kinase (Zhang, 
2017a). This study identified hallmarks E2F target and G2M checkpoint genes to be less 
expressed after panobinostat treatment in TERT-rearranged cell lines and xenograft tumors. In 
preclinical models of neuroblastoma, HDACi treatment resulted in cell cycle arrest and increase 
in sub-G1 fraction (Deubzer, 2008; Francisco, 2012; Kolbinger, 2018; Lodrini, 2013). Further, 
in hepatocellular carcinoma and MYCN-expressing neuroblastoma models, reduction of TERT 
levels was demonstrated to suppress cell cycle progression (Shen, 2018; Tate, 2012; Waldeck, 
2016). As TERT is repressed after HDACi treatment, these reports sustain observations from 
the study presented here demonstrating changes in the cell cycle profile, and increase in sub-
G1 fraction in TERT-rearranged neuroblastoma models after panobinostat treatment. A TERT 
expression signature was postulated to overlap with signatures of MYCN-amplified 
neuroblastoma in a cohort of neuroblastoma patient samples (Huang, 2020). Expression 
signatures of neuroblastoma cells with high TERT expression and without MYCN amplification 
showed that E2F target genes and cell cycle related genes were highly expressed (Huang, 2020). 
In line with this report, comparing that gene set of 50 genes identified by Huang et al. with the 
RNA expressing data of xenograft tumors from this study, an average of 62% of them were 
downregulated after panobinostat treatment (data not shown). This data demonstrating 
alterations of the cell cycle profile after panobinostat treatment was sustained by flow cytometry 
analysis of TERT-rearranged neuroblastoma cell lines treated with panobinostat, showing 
changes of the cell cycle profiles and increase in sub-G1 fraction. Treatment with panobinostat 
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reduces TERT expression and may point towards a central role of TERT in cell cycle progression 
of TERT-rearranged neuroblastoma cells.  
Expression profiles of neuroblastoma reveals intratumoral heterogeneity, making it difficult to 
decide on treatment options (van Groningen, 2017). A general classification of neuroblastoma 
based on RNA expression profiling was introduced by van Groningen and colleagues. They 
proposed a transcription factor profile unique to adrenergic or to mesenchymal neuroblastoma 
cells. Expression of the homeobox transcription factor PRRX1 reprogrammed adrenergic cell 
types into mesenchymal cell types, but not vice versa. Upon chemotherapy treatment, remaining 
cells showed increase in PRRX1 expression and were more resistant to therapy with cisplatin, 
doxorubicin and etoposide (van Groningen, 2017), which are applied in the first-line therapy of 
neuroblastoma. The plasticity and more therapy-resistant mesenchymal cells may explain why 
therapies often fail and relapse occurs. In this study, RNA sequencing analysis revealed 
downregulation of PRRX1 in the mesenchymal like GI-ME-N xenograft tumors after 
panobinostat treatment (data not shown). It would be worth investigating whether panobinostat 
treatment triggers the switch of mesenchymal cell types into adrenergic cell types and if 
panobinostat treatment further enhances cytotoxicity of antineoplastic drugs in TERT-
rearranged neuroblastoma. Therapies targeting the mesenchymal-like cells might be a valuable 
option to diminish the risk of therapy resistance and relapse in neuroblastoma therapy. In 
summary, panobinostat treatment was demonstrated here to induce changes in the cell cycle 
profile and to increase sub-G1 fraction in models of TERT-rearranged neuroblastoma. 
 
5.10 Panobinostat treatment triggers no major changes of 
epigenetic marks at TERT locus 
In neuroblastoma, genomic rearrangements of the TERT locus put TERT expression under the 
control of super-enhancers elements as demonstrated in cohorts of mixed stage neuroblastoma 
(Peifer, 2015; Valentijn, 2015). Recent discoveries in neuroblastoma demonstrated that 
deregulated TERT expression is also achieved by integration of genomic circle DNA proximal 
to the TERT gene, resulting in transcriptional upregulation of TERT (Koche, 2020). The 
neuroblastoma cell lines GI-ME-N, CLB-GA, Kelly and possibly LAN-2 were identified to 
harbor a TERT rearrangement (Gartlgruber, 2018; Peifer, 2015). Rearrangements of the TERT 
locus were shown to occur in a region 50 kb upstream of the TERT gene in patient tumors 
(Gartlgruber, 2018; Peifer, 2015). In contrast, this study identified the breakpoint in GI-ME-N 
Discussion    125 
 
cells to be located within the TERT 5’-UTR, adding more complexity to TERT gene regulation. 
Genomic TERT rearrangements resulting in high TERT expression and telomerase activity were 
described in several cancer entities including neuroblastoma, glioblastoma and meningioma 
(Diplas, 2018; Juratli, 2018; Peifer, 2015; Valentijn, 2015). Future studies applying 
chromosome confirmation capture technologies or ChIP sequencing are necessary to 
understand how the TERT gene is regulated and which factors drive its expression in the 
corresponding cellular context of a genomic TERT rearrangement (Gartlgruber, 2018).  
Besides activating mutations in the TERT gene body or in the gene promotor, epigenetic 
modifications were identified to upregulate TERT expression across tumor entities (Zhao, 
2009). In this study, ChIP sequencing of solvent-treated cells confirmed the epigenetic profile 
indicative of an active chromatin state (Gartlgruber, 2018; Peifer, 2015; Valentijn, 2015). After 
panobinostat treatment, this profile revealed genome-wide alterations in the analyzed histone 
marks, but no major changes of the epigenetic environment of the rearranged TERT region were 
detected after panobinostat treatment. The few significantly altered histone modifications in the 
rearranged TERT region are not likely to severely influence the expression of TERT, and cannot 
explain the repression of TERT mRNA levels after panobinostat treatment. Comparing TERT-
rearranged tumors and cell lines with samples without a TERT rearrangement, histone marks 
H3K27ac, H3K4me1 and H3K4me3 were enriched at the transcriptional start site of TERT, 
which are all associated with actively transcribed protein-coding genes (Gartlgruber, 2018; 
Peifer, 2015; Valentijn, 2015). Histone mark H3K36me3 was enriched across the TERT gene 
body, an indication of actively transcribed genes (Gartlgruber, 2018; Peifer, 2015). Repressive 
chromatin marks H3K27me3 and H3K9me3 showed a more divergent pattern, also being 
enriched at TERT gene body and the transcriptional start site (Gartlgruber, 2018; Peifer, 2015). 
The parallel occurrence of activating and repressive chromatin marks at the same locus is 
termed a bivalent state, allowing timely gene activation or repression upon stimulation (Voigt, 
2013). This epigenetic profile indicative of an actively transcribed TERT locus was confirmed 
here in solvent-treated cells and the efficacy of panobinostat treatment was ensured by technical 
validation of samples prior to sequencing. Sample analysis applying qRT-PCR confirmed 
decreasing TERT levels after panobinostat treatment, and pull-down efficacy of proteins was 
exemplarily analyzed at GRHL1 and MIR183 loci, demonstrating technical accuracy of sample 
preparation. Induction of GRHL1 and MIR183 was previously demonstrated in neuroblastoma 
cells after panobinostat treatment (Fabian, 2014; Lodrini, 2013). In this study, the six histone 
modifications from the publication of Peifer et al. were used for the analysis of histone 
modifications in the TERT region after panobinostat treatment. These histone modifications 
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represent prominent histone marks playing major roles in gene regulation and are commonly 
used for ChIP sequencing analyses (Kimura, 2013). There are additional histone marks like 
H3K4me2 and H3K4ac that were shown to be involved in TERT transcription in multiple 
cancers (Li, 2016a; Stern, 2015). It would be worthwhile investigating whether these histone 
modifications are differentially regulated after panobinostat treatment at the TERT locus. In 
addition, this study investigated chromatin marks 18 h after panobinostat treatment. This period 
might have been too short to induce changes in the selected chromatin marks at the TERT locus, 
although TERT levels are reduced to about 40% at that time point. Regulatory mechanisms such 
as miRNA-mediated degradation or post-transcriptional modifications mediating the early 
repression of TERT could explain the clear reduction of TERT mRNA level early after onset of 
panobinostat treatment. Looking at histone modifications at later time points might unravel an 
additional participation of histone marks in the regulation of TERT and contribute to our 
understanding of the epigenetic landscape at the TERT locus after HDACi treatment. Therefore, 
histone modifications participating in the regulation of the TERT region induced by HDACi 
panobinostat cannot completely be ruled out. 
Global increase of histone acetylation is a well-described effect of HDACi treatment (Dias, 
2018; Glick, 1999). In normal human fibroblasts and epithelial cells, HDAC inhibition induces 
expression of TERT by changing the acetylation status of nucleosomal histones resulting in an 
open chromatin state, but not in cancer cells (Takakura, 2001). In contrast, in breast cancer cells 
and other cancers, genome-wide hyperacetylation of histones was shown to be increased after 
panobinostat treatment (Singh, 2016; Tate, 2012). Global increase in histone mark H3K27ac 
was also reported here after panobinostat treatment, but the few significantly altered acetylated 
sites in the rearranged TERT-region are unlikely to explain the strong repression of TERT. 
Additional so far unknown hyperacetylated sites may participate to indirectly regulate the 
expression of TERT after panobinostat treatment. 
Many oncogenes acquire close proximity to transcriptional strong enhancer elements, a process 
called super-enhancer hijacking (Northcott, 2014). This results in an induction of massive 
oncogene expression and increased expression of subsequent target genes. In TERT-rearranged 
neuroblastoma, several strong enhancer regions like EBF Transcription Factor 1 (EBF1), 
Membrane Associated Ring-CH-Type Finger 11 (MARCH11) and Neuropeptide Y (NPY) 
juxtaposed the TERT gene (Gartlgruber, 2018; Peifer, 2015). Further analysis of ChIP 
sequencing data of the TERT-rearranged cell line models focusing on patterns of H3K27ac and 
H3K4me1 histone modifications, which are known to mark active enhancers, could identify the 
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responsible enhancer elements driving TERT expression (Ernst, 2011; Heintzman, 2007). It 
would be interesting to assess whether panobinostat treatment influences the interaction of 
acquired enhancer elements and TERT. The TERT locus is transcriptionally silenced in most 
somatic cells and becomes (re)activated during tumorigenesis (Low, 2013). HDAC inhibition 
reverses this repression in normal cells (Cong, 1999; Takakura, 2001; Wang, 2003). ATAC 
sequencing in CLB-GA and Kelly neuroblastoma cells revealed an enrichment of peaks at the 
TERT locus and neighboring genes, indicative of open chromatin (Gartlgruber, 2018). 
Circularized chromosome conformation capture (4-C) sequencing analysis identifying possible 
regulatory elements and super-enhancers driving TERT expression are worthwhile investigating 
in TERT-rearranged neuroblastoma. Further investigations possibly applying ATAC-seq or 
DNase-footprinting could help to illuminate the regulation of the TERT locus after panobinostat 
treatment. 
In addition to histone modification, DNA methylation of CpG dinucleotides can influence 
TERT gene transcription (Jie, 2019; Zhu, 2010). HDACi were demonstrated to indirectly 
influence DNA methylation, by downregulation of DNA methyltransferase 3 beta (DNMT3B) 
mRNA and protein expression in human endometrial adenocarcinoma cells (Xiong, 2005). The 
study presented here demonstrates that methylation is globally reduced after panobinostat 
treatment. The TERT locus was less methylated at few CpG sites after panobinostat treatment, 
but generally showed no major alterations at individual CpG dinucleotides. Few alternately 
methylated CpG sites were distributed spatially within the TERT region and might not be 
sufficient to result in transcriptional repression of TERT (Bird, 2004; Deaton, 2011). 
Methylation of CpG dinucleotides is generally considered to silence gene expression in somatic 
tissue (Long, 2017), and HDAC inhibition indirectly reduces methylation at CpG sites (Zopf, 
2012). Further, it was shown in healthy mice that panobinostat treatment induced DNA 
hypomethylation (Al-Hamamah, 2019). Cancer cells display a dysregulation of CpG 
methylation patterns, resulting in oncogene activation (Gal-Yam, 2008). There is controversy 
discussion about how methylation regulates the expression of TERT (Jie, 2019). Increased 
methylation of CpG sites at the TERT promotor was demonstrated to repress TERT in 
teratocarcinoma cells, normal oral fibroblasts and senescent normal oral keratinocytes 
(Lopatina, 2003; Shin, 2003). In contrast, across tumor entities including colon, breast, prostate 
and brain cancer, hypermethylation of the THOR region proximal to TERT was described to 
result in upregulation of TERT gene expression (Lee, 2019; Seynnaeve, 2017). In non-small 
cell lung cancer cells, treatment with HDACi vorinostat induced reduction of telomerase 
activity and diminished methylation of the THOR region and expression of DNA-
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methyltransferases DNMT1 and DNMT3b (Li, 2011). Methylation array profiling of mixed-
stage neuroblastoma revealed that MYCN-amplified tumors showed the highest levels of CpG 
methylation in the TERT region, followed by TERT-rearranged neuroblastoma (Gartlgruber, 
2018; Peifer, 2015). Strongly enriched methylation of CpG site cg11625005 (chr5:1295737) 
close to the TERT promotor was observed in neuroblastoma tumors with high TERT expression 
(Gartlgruber, 2018; Peifer, 2015). In this study, the rearranged TERT region of the GI-ME-N 
cell line reveals a distinct genomic environment that is lacking the native sequence proximal to 
TERT, including the gene promotor itself. Therefore, the published epigenetic regulation of 
TERT cannot be transferred to the data presented in this study. It remains to be investigated 
whether structural motifs such as E-boxes, GC or ETS binding sites are proximal to TERT, and 
if they are regulated by HDACi treatment. 
In telomerase-positive cells, it was shown that methylation of the TERT promoter was necessary 
for active gene transcription and that CCCTC-Binding Factor (CTCF) binding to the first exon 
repressed TERT transcription, which was abrogated when methylation of its recognition 
sequence was increased (Renaud, 2005; Renaud, 2007). Applying ChIP sequencing, it would 
be interesting to assess whether binding of the transcriptional insulator CTCF to TERT is 
increased after panobinostat treatment, possibly mediating TERT repression. In addition, 
changes in methylation of CpG dinucleotides are indirect effects mediated by HDAC inhibitors 
and the investigated time point of 18 h after treatment might have been too early to reveal clear 
changes of the methylation status in the rearranged TERT region. Looking at methylation 
patterns at later time points might unravel a possible differential methylation of CpG sites 
regulating TERT expression, and contribute to our understanding of the methylation status at 
the TERT locus after panobinostat treatment in TERT-rearranged neuroblastoma cells. Further 
analyses of the methylation status of the TERT region applying bisulfite cloning and sequencing 
might help to uncover potential changes in the methylation status of the TERT locus (Zhang, 
2009). Therefore, regulation of the TERT region by alternatively methylated CpG sites induced 
by panobinostat treatment might possibly contribute to the repression of TERT at later time 
points. Focusing on the TERT locus, further analyses to investigate the chromatin state after 
panobinostat treatment are necessary to unravel the regulation of the locus after panobinostat 
treatment. This study demonstrates that panobinostat treatment revealed no major changes in 
the investigated epigenetic marks at the TERT locus in TERT-rearranged cells. 
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5.11 Panobinostat treatment reduces stability of the TERT mRNA 
transcript 
Treatment with HDACi results in changes in gene expression profiles, with the regulated genes 
remain largely unknown (Peart, 2005). One direct effect of HDACi treatment is the increase in 
histone acetylation resulting in facilitated gene transcription, or in transcription factor 
acetylation (de Ruijter, 2003; Roth, 2001; Tate, 2012). Indirect effects of HDACi treatment 
include the inhibition of interactions between HDACs and non-histone proteins or the 
regulation of non-coding RNAs like miRNAs (Bolden, 2006; Shin, 2009). This study 
demonstrates that histone modifications and methylation of CpG dinucleotides in the TERT 
region are not majorly changed by panobinostat treatment in TERT-rearranged neuroblastoma 
cells at given treatment time points, whereas stability of the TERT mRNA was reduced upon 
global transcriptional inhibition. Panobinostat treatment reduced half-life of the TERT mRNA 
transcript after blocking de novo RNA synthesis with actinomycin D, arguing for a mechanism 
targeting stability of the TERT mRNA transcript. Depending on the cell lines used, half-life of 
TERT mRNA was assessed to about 13 h and 21 h. In contrast, stability of TERT mRNA has 
been determined with half-life of 2-6 h in cancer cells or immortalized cell lines (Emerald, 
2007; Gunes, 2000; Xu, 1999; Yi, 1999). In TERT-rearranged neuroblastoma, TERT expression 
is higher than in all other subgroups of neuroblastoma and the TERT mRNA stability might be 
enhanced by so far unknown mechanisms in the TERT-rearranged cell lines. Since panobinostat 
treatment had no impact on TERT mRNA transcription of the overexpressing plasmid 
containing the TERT open reading frame, transcriptional regulators of TERT might target the 
promotor or non-coding sequence of the transcript, resulting in degradation of the mRNA or 
precursors. 
Upon HDAC1/2 depletion, TERT expression was shown here to be significantly reduced. In 
mammalian cells, HDAC1/2 inhibition with trichostatin A resulted in accelerated poly(A) RNA 
degradation (Sharma, 2016). The acetylated CCR4-CAF1-NOT deadenylase complex 
participates in degradation of global poly(A) RNA pools and might degrade the TERT RNA 
transcript (Sharma, 2016). It will be worthwhile investigating if HDACi-induced HDAC1/2 
inhibition results in acetylation of the CCR4-CAF1-NOT deadenylase complex in TERT-
rearranged neuroblastoma cells, decreased global RNA pools and subsequent destabilization 
and degradation of TERT mRNA. This study suggest that panobinostat treatment plays an 
important role in modulating TERT mRNA stability. It remains to be elucidated which factors 
mediate the reduction of the TERT transcript stability after HDACi treatment. Whether 
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degradation of global poly(A) RNA pools will be more selective for targeting TERT remains to 
be demonstrated and will help to elucidate the fate of the TERT mRNA after HDACi treatment. 
Given the broad spectrum of effects triggered upon HDAC inhibition, it is likely that multiple 
mechanisms mediate the HDACi-induced antitumoral phenotype, resulting in different 
response to treatment dependent on the cellular context (Li, 2016b). Over 1,300 miRNAs are 
predicted to target TERT and they might act in concert on the regulation of TERT (Agarwal, 
2015). As demonstrated in neuroblastoma, miRNAs play crucial roles in mRNA expression, 
transcript stability and regulation of tumor suppressor expression (Lodrini, 2013; Nowak, 
2018). HDACi treatment was demonstrated to alter expression profiles of miRNAs in many 
tumor entities (Rafehi, 2016; Shin, 2009). Nevertheless, it remains challenging to identify a link 
between miRNAs, HDACi and/or a specific cancer or pathway (Autin, 2019). It is assumed that 
HDAC inhibition re-establishes the expression of abnormally expressed miRNAs in a range of 
cancer types, building a rationale for miRNAs as potential drug targets (Ediriweera, 2020). In 
MYCN-amplified neuroblastoma, treatment with panobinostat triggered expression of tumor 
suppressive miR-183 and induced cancer cell death (Lodrini, 2013). Several miRNAs were 
identified to target the TERT RNA, resulting in transcript degradation and reduced telomerase 
activity. Potential candidates are miR-128, shown to suppress TERT expression by binding to 
its coding region in HeLa and teratoma cells (Guzman, 2018), as well as miR-133a and 
miR-138, shown to target the TERT 3’-UTR in HeLa cells (Hrdlickova, 2014). While the role 
of miR-133a remained poorly investigated in neuroblastoma, overexpression of miR-128 was 
demonstrated in neuroblastoma cells to alter the expression of genes implicated in cytoskeletal 
organization, apoptosis, cell survival and proliferation, including the anti-apoptotic factor Bcl-2 
(Guidi, 2010). Further, miR-128 was demonstrated to act as a tumor suppressor to reduce 
neuroblastoma cell motility, invasiveness, and growth (Evangelisti, 2009). It would be 
interesting to assess whether panobinostat treatment induces the expression of miR-128, 
mediating the antitumoral phenotype and repression of TERT in TERT-rearranged 
neuroblastoma. Although miR-128 is reported to bind the TERT coding region, no influence on 
expression of the TERT overexpressing plasmid was detected here after treatment with HDACi. 
In human malignant neuroblastoma, tumor suppressor miR-138 is hardly expressed 
(Chakrabarti, 2013). In neuroblastoma cell lines, it was shown that knockdown of TERT 
indirectly increased expression of miR-138, mediating apoptosis and increasing sensitivity 
towards the plant-derived flavonoid apigenin (Chakrabarti, 2013). It remains to be explored 
whether miR-138 is induced after HDACi treatment and if this miRNA contributes to the 
observed induction of apoptosis and repression of TERT mRNA in TERT-rearranged 
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neuroblastoma cells. Given that TERT is repressed already after 2 h of HDACi treatment, the 
induction of a miRNA targeting the TERT mRNA at this early time point seems unlikely. In 
summary, the data presented here reveals evidence that the reduction of the TERT mRNA is 
mediated by a reduction of RNA stability after panobinostat treatment. It remains to be 
elucidated which factors mediate the reduction of the TERT transcript stability after HDACi 
treatment. Further studies focusing on posttranscriptional modifications, regulatory proteins or 
RNA silencing could identify a possible link of reduced TERT mRNA stability and HDAC 
inhibition with panobinostat in TERT-rearranged neuroblastoma. 
 
5.12 Summary 
This study demonstrates the clinically approved pan-HDAC inhibitor panobinostat as a potent 
antitumoral agent in models of TERT-rearranged high-risk neuroblastoma. Panobinostat 
treatment suppresses high-level TERT expression and telomerase activity, cell cycle 
progression and xenograft tumor growth and induces apoptosis in TERT-rearranged 
neuroblastoma models, suggesting indirect druggability of TERT and a potential novel 
molecular rationale for therapeutic intervention. The reduction of TERT mRNA expression and 
telomerase activity are mediated by HDAC1 and HDAC2. Analyses of histone modifications 
and CpG methylation in the rearranged TERT genomic region reveals no major changes after 
panobinostat treatment. Reduced stability of the TERT mRNA transcript was demonstrated after 
panobinostat treatment, suggesting reduced RNA stability as the underlying molecular 
mechanism. First-line chemotherapeutic agents of neuroblastoma therapy and targeted 
compounds in the preclinical phase have no impact on TERT expression and telomerase activity. 
Combination therapy of panobinostat and bortezomib shows strong synergistic effects in 
preclinical models of TERT-rearranged high-risk neuroblastoma, paving the way for an early 
clinical trial, translating recent scientific discoveries to the bedside to benefit patients. 
Optimization of current neuroblastoma treatment protocols including panobinostat presents a 
rationale for future investigations to identify synergistic therapeutic effects to reduce dose and 
toxicity of the treatment, and to diminish the risk of relapse in the TERT-rearranged high-risk 
patient subgroup.  
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6 Appendix 
6.1 DNA breakpoint and rearrangement partner of the TERT 
region in GI-ME-N cells 
Rearrangements of the TERT locus were shown to occur in a region upstream of TERT termed 
the breakpoint region (Peifer, 2015; Valentijn, 2015). In a cohort of neuroblastoma patients, the 
corresponding breakpoint was identified to occur not in the gene body or the promotor of TERT, 
but in a region of about 50 kb upstream of TERT transcriptional start site (TSS) (Peifer, 2015). 
To obtain the individual profile of the GI-ME-N cell line and to identify the DNA breakpoint 
and rearrangement partner of the TERT region, whole genome sequencing (WGS) was 
performed. Cells were harvested and each 10 x106 cells were snap frozen in three replicates. 
Sample preparation and Nanopore sequencing were performed by Rocío Chamorro González 
and data analysis was performed by Kerstin Haase and Konstantin Helmsauer at the 
Experimental and Clinical Research Center (ECRC), Berlin.  
 
  
Figure 48: Low-coverage long-read sequencing localizes a candidate TERT-chr19 rearrangement. 
A, Two of three long reads overlapping the TERT promotor indicate a rearrangement of the TERT promotor and a 
region in chr19q13.43. Read A (red) aligns to the TERT locus with an alignment block of length 1992 bp and 
mapping quality 60 and to chr19q13.43 with an alignment block of length 9625 bp and mapping quality 60. Read 
B (green) aligns to the TERT locus with an alignment block of length 488 bp and mapping quality 60 and to 
chr19q13.43 with an alignment block of length 2208 bp and mapping quality 0. B, Alignments of reads A and B 
to the TERT locus and chr19q13.43 both localize a breakpoint within the first 2-15 bases of the TERT 
5’-untranslated region and the other breakpoint within a TAR1 repeat in chr19q13.43 with limited sequence 
homology near the breakpoints. Whole-genome sequencing reads aligned to hg38 genome and visualized with the 
Integrative Genomics Viewer (IGV). TAR1: telomere associated repeat 1; hg38: human genome 38. From 
K. Haase/K. Helmsauer. 
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Using low-coverage long-read Nanopore sequencing, the DNA breakpoint in GI-ME-N cells 
was located within the 5’-untranslated region (UTR) of TERT, fusing TERT to a subtelomeric 
locus on chromosome 19, truncating the native gene promotor from its gene (Figure 48 A). The 
analysis of the DNA breakpoint was sustained by re-analysis of published targeted DNA 
sequencing data of GI-ME-N cells (Peifer, 2015). The breakpoint for the hg38 annotation was 
identified as follows: 
chr 19 …58607050, 58607051, 58607052 -breakpoint- 1295066, 1295065, 1295064, … chr 5 
Published circular chromosome conformation capture sequencing (4C-seq) and FISH data 
suggest chromosome 19 as the TERT rearrangement partner (Gartlgruber, 2018).  Low-
coverage sequencing revealed two long reads, spanning the breakpoint in the repetitive area 
(Figure 48 B). Sequencing reveals evidence for a chr5-chr19 junction, the likely rearrangement 
partner was chr19:58607052 (+) which joins the TERT promotor chr5:1295066 (-).  
 
6.2 Modulation of TERT levels in models of high-risk 
neuroblastoma 
6.2.1 TERT expression is not decreased by BET inhibitor treatment 
TERT is a downstream target of MYCN and TERT levels are high in MYCN-amplified 
neuroblastoma, whereas MYCN is expressed at comparatively low levels in TERT-rearranged 
GI-ME-N and CLB-GA cell lines (Peifer, 2015; Huang, 2020; Zhao, 2014). Bromodomain and 
extra-terminal motif (BET) inhibitors indirectly reduce expression of MYCN and MYCN target 
genes such as TERT, and are promising preclinical candidates for treating MYCN-amplified 
neuroblastoma (Henssen, 2016). To investigate if BET inhibitors also reduce TERT expression 
in TERT-rearranged neuroblastoma cells, GI-ME-N and CLB-GA cells were treated with BET 
inhibitors JQ1, OTX015 or I-BET762 for 48 h. Additionally, a concentration series of 
panobinostat was included for treatment.  
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Figure 49: TERT mRNA expression is reduced by panobinostat treatment but not by BET inhibitor treatment. 
A, GI-ME-N and (B) CLB-GA cells were treated for 48 h with JQ1 (0.25, 0.5, 1 µM), OTX015 (0.1, 0.5, 1 µM), 
I-BET762 (0.25, 0.5, 1 µM) or panobinostat (5, 10, 15, 30 nM). TERT expression was analyzed by qRT-PCR 
(mean fold change over solvent ± SD; n≥3). Not significance if not indicated differently. Dotted lines indicate 
control value. *P≤0.05, **P≤0.01. 
 
Due to the strong antitumoral effect of panobinostat, CLB-GA cells could not be treated with 
30 nM panobinostat for 48 h. Indirect targeting of MYCN using BET inhibitors JQ1, OTX015 
and I-BET762 had no influence on TERT mRNA expression in GI-ME-N (Figure 49 A) and 
CLB-GA cells (Figure 49 B). Panobinostat reduced TERT mRNA expression in a 
concentration-dependent manner in GI-ME-N cells (Figure 49 A), whereas TERT levels in 
CLB-GA cells showed a 2-fold decrease (Figure 49 B). Concentration of 30 nM panobinostat 
resulted in reduced TERT expression to 21% in GI-ME-N cells and of 15 nM panobinostat to 
58% in CLB-GA cells. 
 
6.2.2 TERT expression is increased and telomerase activity is induced after 
enforced TERT expression 
To estimate the efficacy of the TERT plasmid after transfection, TERT expression was analyzed 
by qRT-PCR. GI-ME-N and CLB-GA cells were transfected with the TERT plasmid or empty 
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Figure 50: TERT mRNA expression is increased after transfection with TERT plasmid. 
GI-ME-N and CLB-GA cells were transfected with either empty vector or TERT plasmid and harvested 24-120 h 
after transfection. TERT mRNA expression in (A) GI-ME-N and (B) CLB-GA cells. TERT expression was 
analyzed by qRT-PCR (mean fold change over solvent ± SD; n≥1). 
 
The TERT plasmid increases TERT mRNA expression to a maximum of 356-fold 48 h after 
transfection in GI-ME-N cells (Figure 50 A) and to 969-fold after 48 h in CLB-GA cells (Figure 
50 B). 
Subsequently, telomerase activity was quantified by the telomerase activity assay. GI-ME-N 
and CLB-GA cells were transfected with the TERT plasmid or empty vector and cells were 
harvested after 24-120 h. 
 
Figure 51: Telomerase activity is induced after transfection with TERT plasmid. 
GI-ME-N and CLB-GA cells were transfected with either empty vector or TERT plasmid and harvested 24-120 h 
after transfection. Telomerase activity in (A) GI-ME-N and (B) CLB-GA cells. Telomerase activity was measured 
































2 4 4 8 7 2 9 6  h
C L B -G A
E m p ty  v e c to r
































2 4 4 8 7 2 9 6 1 2 0  h






























2 4 4 8 7 2  h
C L B -G A
B
E m p ty  v e c to r



























2 4 4 8 7 2
G I- M E - N
9 6 1 2 0  h
A
Appendix    136 
 
Telomerase activity increased to a maximum of 153% after 24 h in transfected GI-ME-N cells 
(Figure 51 A) and to 163% after 72 h in CLB-GA cells (Figure 51 B). 
 
6.2.3 Panobinostat treatment reduces TERT protein levels 
Treatment with panobinostat results in decreased TERT mRNA levels and reduced telomerase 
activity in TERT-rearranged cell lines. To investigate the effect of panobinostat on TERT at 
protein level, western blot analysis was performed. GI-ME-N cells were treated for 72 h with 
solvent or panobinostat or cells were transfected with a TERT overexpressing plasmid or empty 
vector and treated with solvent (DMSO) or panobinostat for 72 h.  
 
Figure 52: Panobinostat treatment reduces TERT protein levels. 
Representative western blot analysis of GI-ME-N cells 72 h after panobinostat (5, 15, 30 nM) treatment (lanes 
1-4). GI-ME-N cells were transfected with either empty vector or TERT plasmid and treated with panobinostat 
(5 nM) for 72 h (lanes 5-8). GAPDH served as a loading control. 
 
Panobinostat treatment resulted in reduction of TERT in a concentration dependent manner 
(Figure 52). Enforced expression of TERT resulted in high TERT protein levels, that were not 
decreased by panobinostat treatment. This data suggests that not only TERT mRNA levels but 
also TERT protein levels decrease after panobinostat treatment, and that enforced expression 
of TERT remains high TERT protein levels after panobinostat treatment. 
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6.3 Panobinostat harbors strong antitumoral effects towards 
neuroblastoma cells 
6.3.1 Panobinostat treatment reduces metabolic activity of neuroblastoma 
cells 
To determine the potency of panobinostat towards neuroblastoma cell lines, the half-maximal 
inhibitory concentration (IC50) was measured after 72 h treatment. Cells were treated with 
0.001-1000 nM panobinostat. The MYCN-amplified neuroblastoma cell lines BE(2)-C and 
IMR-5/75 as well as the TERT-rearranged cell lines GI-ME-N and CLB-GA were included in 
the panel, besides the neither TERT-rearranged nor MYCN-amplified neuroblastoma cell lines 
LAN-6 and SK-N-FI. The water-soluble tetrazolium (WST-1) assay was performed to quantify 
metabolic activity after panobinostat treatment. 
 
Figure 53: Metabolic activity is reduced in a panel of neuroblastoma cells treated with panobinostat. 
Metabolic activity after 72 h panobinostat treatment was analyzed in a panel of neuroblastoma cell lines detected 
by colorimetric WST-1 assay (mean % over solvent control ± SD; n=10). IC50 values were determined via non-
linear regression fit. Dotted line indicates half-maximal metabolic activity. 
 
Metabolic activity was reduced at low concentrations with calculated IC50 values ranging from 
0.1 nM - 3.1 nM (Figure 53). The MYCN-amplified IMR-5/75 cell line was shown to harbor 
high TERT expression levels (Peifer, 2015), but had the lowest calculated IC50 of 0.1 nM in the 
cell line panel. There was no connection of the TERT status and metabolic activity under 
panobinostat treatment, underlining the antitumoral effect of panobinostat on various 
neuroblastoma cells regardless of the genomic background. 
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6.3.2 Proliferation of neuroblastoma cells is impeded by panobinostat 
treatment 
The expression of TERT mRNA decreases after 2-4 h of treatment (section 4.1.1). To assess the 
kinetic of panobinostat towards reduced cell proliferation, continuous impedance 
measurements of cell lines treated with panobinostat were performed. Calculated cell 
proliferation of TERT-rearranged GI-ME-N cells, MYCN amplified IMR-5/75 cells and LAN-6 
cells lacking those events were investigated after several days of panobinostat treatment.  
  
Figure 54: Panobinostat impairs cell proliferation of neuroblastoma cell lines. 
Proliferation of cell lines (A) GI-ME-N, (B) LAN-6 and (C) IMR-5/75 treated with panobinostat for several days 
measured using the xCelligence™ cell impedance analyzer (mean over background, n≥2). Arrows indicate 
application of treatment. AU: arbitrary units. 
 
Small dips in the proliferation curves were due to changed impedance after fresh treatment was 
applied, and curves equilibrated quickly to previous levels. Proliferation curves of all three cell 
lines showed a clear reduction of cell proliferation after panobinostat treatment, using the 
calculated dimension-less cell index reflecting cell growth behavior (Figure 54 A, B and C). In 
the GI-ME-N cell line, solvent (DMSO) treated cells continued proliferation whereas 
panobinostat of 7.5-30 nM completely abolished cell proliferation (Figure 54 A). The cell 
indices further decreased upon treatment application, indicating the detachment from cell 
culture plate and possible induction of cell death. In LAN-6 cells, panobinostat treatment of 
15-30 nM resulted in decreased cell proliferation and detachment of treated cells from well 
plate (Figure 54 B). Solvent and 3 nM panobinostat treatment resulted in similar growth 
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behavior of LAN-6 cells, whereas a concentration of 5 nM completely arrested cell 
proliferation. Solvent treated IMR-5/75 cells and a concentration of 1 nM panobinostat could 
not affect cell proliferation rate, whereas a concentration of 5 nM panobinostat arrested cell 
growth of treated cells (Figure 54 C). Panobinostat applied at 15-30 nM completely arrested 
cell proliferation and induced detachment of treated cells from well plate (Figure 54 A, B and 
C). In GI-ME-N, LAN-6 and BE(2)-C cell lines, a proliferation arrest after few hours of 
treatment at concentrations of 15 nM panobinostat or higher was observed, accompanied with 
detachment of treated cells from well plate. 
 
6.3.3 Panobinostat treatment attenuates colony formation capacity 
The ability of transformed cells to form colonies and to grow independently is considered a 
hallmark of carcinogenesis. To investigate whether panobinostat treatment influences colony 
formation in TERT-rearranged cell lines, GI-ME-N and CLB-GA cells were treated with 
0.1-10 nM panobinostat and colony formation was analyzed after nine days of treatment.  
Treatment with panobinostat reduced the capacity of GI-ME-N and CLB-GA cells to form 
colonies in a concentration-dependent manner with 5 nM panobinostat resulting in a decrease 
of colony formation to 13% in GI-ME-N and 1% in CLB-GA relative to solvent treated cells 
(Figure 55). After treatment with 15 nM panobinostat, almost no colonies were visible (data not 
shown). These results demonstrate that TERT-rearranged neuroblastoma cells treated with 
panobinostat lose their ability to form colonies from single cell level.  
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Figure 55: Panobinostat treatment reduces colony formation capacity. 
Colony formation assay of GI-ME-N and CLB-GA cells treated with panobinostat. After nine days, colonies were 
fixed, stained and evaluated using ImageJ. A, Quantification of colonies (mean ± SD; n≥3). B, Representative 
pictures of stained colonies. *P≤0.05, **P≤0.01, ***P≤0.001, n.s.: not significant. 
 
6.3.4 Panobinostat decreases cell viability in 2D and 3D models of TERT-
rearranged neuroblastoma 
To assess cell viability after and efficacy of panobinostat treatment, 2D and 3D cell culture 
models using clinically relevant concentrations of panobinostat were investigated. Cell culture 
experiments were performed by Alessandra Silvestri and Guido Gambara at CPO, Berlin to 
evaluate the antitumoral effects of panobinostat in GI-ME-N and CLB-GA 2D and 3D cell 
culture models. Adherent cells or small organoids were cultured and subsequently treated with 
six different concentrations of panobinostat, including the concentration of 5 ng/ml that can be 
achieved in patient plasma levels (Rathkopf, 2010b). A mass concentration of 5 ng/ml is 
equivalent to a molar concentration of about 15 nM as applied in cell culture experiments. 
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Figure 56: Panobinostat treatment reduces cell viability in 2D and 3D models of TERT-rearranged high-risk 
neuroblastoma. 
GI-ME-N or CLB-GA cells were treated for 72 h with panobinostat. Viable cell numbers by luminescence-based 
assay in (A) GI-ME-N and (B) CLB-GA cell line models (mean % over solvent control; n=4). Experiments were 
performed by CPO. Red triangle: 2D cell culture model, black circle: 3D cell culture model. 
 
In 3D cell culture models, IC50 at the patient plasma concentration of 5 ng/ml was determined 
to be 33.8 ng/ml and is higher than in the 2D model with an calculated IC50 of 4.5 ng/ml in 
GI-ME-N cells (Figure 56 A). Accordingly, IC50 in the 3D model of CLB-GA was calculated 
of 7.2 ng/ml, and in the 2D culture IC50 was 2.5 ng/ml (Figure 56 B). Small organoids in 3D 
models showed more resistance towards panobinostat treatment than cells growing in 
monolayers. Panobinostat reduced viability of GI-ME-N and CLB-GA cells in models of 2D 
and 3D neuroblastoma at clinically relevant low nanomolar concentrations. 
 
6.3.5 Panobinostat treatment induces changes in cell cycle profile, increases 
sub-G1 fraction and triggers protease-mediated apoptosis 
Histone deacetylase inhibitors were demonstrated to induce cell cycles arrest in high-risk 
neuroblastoma (Kolbinger, 2018; Lodrini, 2013). To estimate the effect of panobinostat 
treatment on cell cycle, flow cytometry was performed on TERT-rearranged GI-ME-N and 
CLB-GA cell lines. GI-ME-N cells were treated with 10.6 nM and CLB-GA cells with 5.8 nM 
panobinostat for 72 h. The chosen concentrations resulted from calculated IC50 of panobinostat 
treatment from previous assays (data not shown). 
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Figure 57: Panobinostat treatment induces changes in cell cycle profile and increase sub-G1 fraction in TERT-
rearranged cell lines. 
Cell cycle profiles of (A) GI-ME-N and (B) CLB-GA cells after panobinostat treatment analyzed by propidium 
iodide staining (mean %  ± SD; n=3). C, Quantification of sub-G1 fraction after panobinostat treatment analyzed 
by propidium iodide staining (mean %  ± SD; n=3). *P≤0.05, ***P≤0.001. 
 
Propidium iodide (PI) staining of fixed cells was analyzed by flow cytometry and showed an 
increase in S-phase in GI-ME-N cells (Figure 57 A) and in S- and G2/M-phase in CLB-GA 
(Figure 57 B). An increase of cells in sub-G1 fraction was detected in both cell lines after 
panobinostat treatment (Figure 57 C). 
To investigate whether protease-mediated apoptosis is induced after panobinostat treatment, 
PARP-1 western blot analysis was performed in CLB-GA cells. Specific fragmentation of 
PARP-1 is considered as indication for active caspase signaling and active proteases unique in 
cell death programs. The caspase inhibitor Z-VAD was used to block apoptosis induction and 






















































































G I-M E -N C L B -G A
***
S o lv e n t
1 0 .6  n M  p a n o b in o s ta t
5 .8  n M  p a n o b in o s ta t
A B
C
Appendix    143 
 
 
Figure 58: Panobinostat induces protease-mediated apoptosis in CLB-GA cells. 
Representative western blot analysis of CLB-GA cells 48 h after solvent, panobinostat (7.5, 15 nM) or combined 
Z-VAD (20 µM) treatment. GAPDH served as a loading control. 
 
CLB-GA cells treated with panobinostat showed an increase in cleaved PARP-1 protein 
accompanied by a decrease in PARP-1 protein level (Figure 58). Combination treatment with 
panobinostat and Z-VAD resulted in less reduced cleavage products of PARP-1 and less 
decrease of PARP-1 levels. This experiment suggests that panobinostat induces apoptosis in 
CLB-GA cells via active protease signaling. 
 
6.4 Transcriptome-wide analysis of panobinostat effects in TERT- 
rearranged neuroblastoma models 
To uncover the regulation after panobinostat treatment, RNA sequencing of treated GI-ME-N 
and CLB-GA xenograft tumors was performed. Three tumors of each condition were chosen 
for analyses. Library preparation and sequencing were performed at the High Throughput 
Sequencing Core Facility at the DKFZ, Heidelberg and data was analyzed by Benedikt 
Obermayer at the Berlin Institute of Health (BIH). Statistical analysis of the GI-ME-N model 
with an absolute log2 fold-change larger than 0.5 or smaller than -0.5 and an adjusted p-value 
smaller than 0.05 revealed that a total of 613 genes were upregulated and 480 were down-
regulated after panobinostat treatment, among them TERT (data not shown). Analysis of the 
CLB-GA xenograft tumors with an absolute log2 fold-change larger than 1 or smaller than -1 
and an adjusted p-value smaller than 0.05 revealed that 984 genes were upregulated and 
151 genes were downregulated after panobinostat treatment, among them TERT (data not 
shown). Principal component analysis (PCA) of both models was performed to reveal the 
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Figure 59: Panobinostat treatment reveals diversity in response to treatment in GI-ME-N and CLB-GA 
xenograft tumors. 
Principal component analysis of RNA expression data of GI-ME-N and CLB-GA xenograft tumors. PC1 
represents the variable cell line, PC2 the treatment condition. 
 
Principal component analysis showed that the main split is between the two cell lines (99% of 
the variance), and then by the treatment, with stronger effects in CLB-GA than in GI-ME-N 
xenograft tumors (Figure 59). 
Next, the differential expression of the two log2 fold-changes of GI-ME-N and CLB-GA were 
plotted against each other and correlation analysis was performed comparing the top differential 
expressed genes between the two cell lines. Gene set enrichment analysis using GAGE was 
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Figure 60: Panobinostat treatment reduces expression of hallmarks G2M checkpoint and E2F target genes in 
neuroblastoma xenograft tumors. 
A, XY-plot of differential expressed genes both in GI-ME-N and CLB-GA xenograft tumors treated with 
panobinostat 15 mg/kg/d (n=3) or solvent (DMSO) (n=3). RNA sequencing expression data was normalized to 
corresponding solvent control and compared between conditions. Green circles highlight individual genes that are 
differentially expressed in both models. Vertical and horizontal lines indicate log2 fold-change cutoff values.  
B, Distribution plot of log2 fold-changes of gene sets G2M checkpoint and E2F target gene expression in GI-ME-N 
and CLB-GA xenograft tumors. Orange circles indicate mean expression of all genes in the gene set. Adjusted 
P-value ≤0.05, r=0.18. 
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A combined analysis of GI-ME-N and CLB-GA xenograft tumors with an absolute log2 
fold-change larger than 1 or smaller than -1 and an adjusted p-value smaller than 0.05 identified 
800 genes to be downregulated and 319 genes to be upregulated after panobinostat treatment in 
both models (data not shown). G2M checkpoint and E2F target genes were identified to be 
significantly less expressed in both models under panobinostat treatment (Figure 60 A). 
Enrichments of custom gene sets was tested using GAGE, applying gene sets listed in MSigDB. 
GAGE analysis of G2M checkpoint and E2F target genes revealed a significant downregulation 
of genes in those pathways in GI-ME-N and CLB-GA xenograft tumors (Figure 60 B). 
Nine genes of these two subsets hallmarks G2M and E2F targets were selected and mRNA 
expression was analyzed by qRT-PCR. 
 
Figure 61: Panobinostat treatment reduces RNA expression of a panel of hallmarks G2M checkpoint and E2F 
target genes in neuroblastoma xenograft tumors.  
Expression of mRNA of nine selected hallmarks G2M checkpoint and E2F target genes in GI-ME-N and CLB-GA 
xenograft tumors treated with panobinostat 15 mg/kg/d or solvent (DMSO). Expression was analyzed by qRT-
PCR (mean fold change over solvent ± SEM; n=3). Dotted line indicates control value. *P≤0.05, **P≤0.01. 
 
Results from RNA sequencing were validated by qRT-PCR, showing that the expression of 
G2M checkpoint and E2F target gene mRNA decreased to 40-50% under panobinostat 
treatment in both xenograft models (Figure 61). 
To assess whether this observation is also true in GI-ME-N and CLB-GA cell lines, RNA 
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Figure 62: Panobinostat treatment reduces RNA expression of a panel of hallmarks G2M checkpoint and E2F 
target genes in neuroblastoma cell lines.  
Expression of mRNA of nine selected hallmarks G2M checkpoint and E2F target genes in GI-ME-N and CLB-GA 
cells treated with panobinostat. GI-ME-N cells were treated with 30 nM panobinostat, CLB-GA cells with 15 nM 
panobinostat. Expression was analyzed by qRT-PCR (mean fold change over solvent ± SD; n≥2). Dotted line 
indicates control value. *P≤0.05, **P≤0.01, ***P≤0.001. 
 
As in the xenograft tumors, expression of the nine selected genes of hallmarks G2M checkpoint 
and E2F target genes were reduced by panobinostat treatment by at least 2-fold in both cell 
models (Figure 62). The reduced expression was overall stronger in GI-ME-N than in CLB-GA 
cells. These results underline previous cell cycle analyses in GI-ME-N and CLB-GA cells 
(section 6.3), suggesting that panobinostat treatment induces changes in cell cycle profile in 
models of high-risk TERT-rearranged neuroblastoma by downregulating G2M checkpoint and 
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